Structural and biochemical characterization of the c-terminal module of the yeast Ccr4-Not complex by Bhaskar, Varun
 
Dissertation zur Erlangung des Doktorgrades 
der Fakultät für Chemie und Pharmazie 
der Ludwig-Maximilians-Universität München 
 
 
 
 
 
 
 
STRUCTURAL AND BIOCHEMICAL CHARACTERIZATION  
OF THE C-TERMINAL MODULE OF THE YEAST CCR4-NOT COMPLEX 
 
 
 
 
 
 
 
 
 
 
 
 
 
VARUN BHASKAR 
aus 
NEU-DELHI, INDIEN 
 
2015  
Erklärung 
 
Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28. 
November 2011 von Frau PROF. DR. ELENA CONTI betreut. 
 
 
 
Eidesstattliche Versicherung 
 
Diese Dissertation wurde eigenständig und ohne unerlaubte Hilfe erarbeitet. 
München, den 26 März 2015 
 
 
 
 
 
 
.............................................................................  
 
VARUN BHASKAR 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dissertation eingereicht am 26 März 2015 
1. Gutachterin: PROF. DR. ELENA CONTI 
2. Gutachter:    PROF. DR. MATTHIAS MANN 
Mündliche Prüfung am 21 April 2015 
!
 
 
  
CONTENTS 
 
SUMMARY           xiii 
 
1.0  PREFACE            1 
 
2.0    INTRODUCTION           3 
    2.1    Maintenance of steady state levels of mRNAs for regulated  
             gene expression           3 
    2.2    Post-transcriptional modifications of the mRNA for stability  
             and translation           4 
    2.3    Bulk degradation of mRNA in the cell        4 
          2.3.1    Deadenylation          5 
         2.3.2    5’ to 3’ Decay pathway         6 
              2.3.2.1    Decapping          6 
              2.3.2.2    5’ to 3’ decay by the Xrn1 exonuclease      7 
         2.3.3      3’ to 5’ Decay pathway         8 
    2.4  The Ccr4-Not complex          9 
        2.4.1  Discovery of the Ccr4-Not complex       9  
        2.4.2 Roles of the Ccr4-Not complex      11 
            2.4.2.1    Generic mRNA deadenylation      11 
 2.4.2.2    Targeted decay pathways      12 
    2.4.2.2.1 miRNA-mediated degradation     12 
    2.4.2.2.2 ARE-mediated degradation     14 
    2.4.2.2.3 Puf and Nanos-mediated degradation    15 
    2.4.2.2.4 Smaug and CUP-mediated degradation    16 
    2.4.2.2.5 Mechanism of translational repression  
                      by the Ccr4-Not complex      17 
2.4.2.3     Other functions of the Ccr4-Not complex    17 
              2.4.2.3.1    Cytoplasmic RNA and protein quality control pathways 17 
              2.4.2.3.2    Transcription        18 
        2.4.3 Modular architecture of the Ccr4-Not complex    19 
2.4.3.1     The N-terminal module       20 
2.4.3.2     The Deadenylase Module      22 
2.4.3.3     The Caf 40 module       25 
2.4.3.4     The C-terminal Module       26 
    2.4.3.4.1  The Not Module       27 
    2.4.3.4.2  The Ubiquitylation Module      28 
    2.5    Scope of this work         29 
 
3.0    RESULTS          31 
    3.1    Structure and RNA-binding properties of the  
             Not1-Not2-Not5 module of the yeast Ccr4-Not complex   31 
    3.2    Architecture of the ubiquitylation module  
             of the yeast Ccr4-Not complex       49 
 
 
4.0    DISCUSSION          73 
    4.1    Structure of the Not Module of the yeast and human  
             Ccr4-Not complex         73 
    4.2    The Not module as a platform for macromolecular interactions  76 
    4.3    Are the Not module and the ubiquitylation module functionally 
distinct?          79 
    4.4    Concerted action of different modules of the Ccr4-Not complex  80 
    4.5    Role of IDRs and SLiMs in the deadenylation pathway   82 
 
 
5.0    OUTLOOK          85 
 
6.0    BIBLIOGRAPHY         87 
 
7.0    ACKNOWLEDGEMENT               105  
LIST OF FIGURES 
INTRODUCTION 
Figure 2. 1: Schematic representation of the mRNA turnover  
                   pathway in eukaryotes.         5 
Figure 2. 2: Schematic representation of the L-shaped yeast Ccr4-Not 
complex.         20 
Figure 2. 3: Structure of the N-terminal domain of the yeast Not1.   21 
Figure 2. 4: Structure of the deadenylase module  
                    of the Ccr4-Not complex.       24  
Figure 2. 5: Structure of the Caf40 module of the Ccr4-Not complex.  26  
Figure 2. 6: Domain organization of yeast Not1 (C-terminal domain),  
                   Not2, Not3/5 and Not4 proteins.      26 
 
RESULTS 
Figure 3. 1. 1: Structure of a yeast Not1–Not2–Not5 core complex.   33 
Figure 3. 1. 2: Not1 interacts with extended regions of Not2 and Not5.  34 
Figure 3. 1. 3: The globular domains of Not2 and Not5 contain  
                        divergent Sm folds.       35 
Figure 3. 1. 4: Analysis of mutants targeting interaction surfaces  
                        of the Not module.        36 
Figure 3. 1. 5: Not1C –Not2–Not5C binds poly(U) RNA.    37 
Figure 3. 1. Supplementary Figure 1: Identification of the core of the S. 
cerevisiae Not1–Not2–Not5 interaction.     43  
Figure 3. 1. Supplementary Figure 2: Structure–based sequence  
                   alignments of Not1C, Not2 and Not5C.     44 
Figure 3. 1. Supplementary Figure 3: The HEAT and Sm folds  
                    of Not1–Not2–Not5.        45 
Figure 3. 1. Supplementary Figure 4: In vivo interactions of Not proteins.  46 
Figure 3. 1. Supplementary Figure 5: Protein and RNA interactions  
                   at the Not-boxes.        47 
 
Figure 3. 2. 1: Structure of the complex between the Not4 RING E3  
                        and the Ubc4 E2.        64 
Figure 3. 2. 2: Structure of the complex between Not4C and Not1C.   65 
Figure 3. 2. 3: Not4C wraps around the N-terminal HEAT repeats of Not1C.  66 
Figure 3. 2. 4: Not4C binds Not1C independently of Not2 and Not5.   67 
Figure 3. 2. S1: Detailed analysis of the Not4N -Ubc4 crystal structure.  68  
Figure 3. 2. S2: Identification of the Not1C -Not4C minimal complex.   69 
Figure 3. 2. S3: Detailed analysis of the Not1C -Not4C crystal structure.  70               
 
DISCUSSION 
Figure 4. 1: Architecture of the Not module of the Ccr4-Not complex. 74 
Figure 4. 2: Structure and orientation of Not-box heterodimer in the Not 
module of the yeast and human Ccr4-Not complex.  75 
Figure 4. 3: Interaction map of the yeast Not proteins.    77 
Figure 4. 4: Scheme of the C-terminal module of the eukaryotic Ccr4-Not  
                    complex as a platform for macromolecular interactions.  78 
Figure 4. 5: Schematic representation of the eukaryotic Ccr4-Not complex. 81   
LIST OF TABLES 
INTRODUCTION 
Table 2. 1: Composition of the Ccr4-Not complex in different eukaryotes.  10 
 
RESULTS 
Table 3. 1. 1: Data collection and refinement statistics.    33 
Table 3. 2. 1: Data collection and refinement statistics.    63 
 
  
ABBREVIATIONS 
4E-BP    eIF4E-binding protein 
AMP    Adenosine monophosphate 
ARE    AU-rich element 
ARM repeat   Armadillo repeats 
ATP    Adenosine triphosphate 
ATPase   ATP hydrolase 
Caf1    Ccr4 associated factor 1  
Ccr4    Carbon catabolite repressor 4 
CHIP-Seq   Chromatin immunoprecipitation-sequencing 
CIM    Ccr4-Not interacting motif 
CNOT9-BD   CNOT9-binding domain 
DNA    Deoxyribonucleic acid 
eIF4E    eukaryotic initiation factor 4E 
eIF4F    eukaryotic initiation factor 4F 
eIF4G    eukaryotic initiation factor 4G 
HEAT repeat Huntingtin, Elongation factor 3, Protein 
phosphatase 2A and TOR1 repeat 
IDRs                                   Intrinsically disordered regions 
Jhd2    JmjC domain-containing Histone demethylase 
LRR    Leucine rich repeat 
MIF4G   middle domain of eukaryotic initiation factor 4E 
m7Gppp   7-methy guanosine triphosphate 
mRNA   messenger RNA 
mRNP   messenger Ribonucleoprotein 
NAC    Nascent polypeptide-associated complex 
NMD    Nonsense mediated decay 
NMR    Nuclear magnetic resonance 
Not    Negative on TATA-less  
NGD    No-go decay 
ORF    Open Reading Frame 
PABP    Poly(A) binding protein 
PNPase   Polynucleotide phosphorylase  
Poly(dA)   Poly-deoxy-adenylic acid 
Poly(A)   Poly-adenylic acid 
Poly(U)   Poly-uridylic acid 
PUF    Pumilio homology domain Family 
RNA                                    Ribonucleic acid 
RNase   Ribonuclease 
RING    Really new interesting gene 
RRM    RNA recognition motif 
SAGA    Spt-Ada-Gcn5-acetyltransferase complex  
SAM    Sterile alpha motif 
SGA    Synthetic gene array 
Sm domain   Smith antigen domain 
SLiMs    Short linear motif 
SRE    Smaug response element 
TFIID    Transcription factor IID 
TPR    Tetratricopeptide repeat 
TRAMP   Trf4/Air2/Mtr4 polyadenylation complex 
TTP    Tristetraprolin 
UTR    Untranslated region 
  
  
SUMMARY 
mRNA turnover begins with deadenylation wherein the poly(A) tail at 
the 3’ end of the mRNA is enzymatically removed.  Deadenylation also 
happens to be the rate-limiting step of the decay pathway. In vivo, 
deadenylation is carried out by two macromolecular complexes, namely the 
Pan2-Pan3 complex and the Ccr4-Not complex. The Ccr4-Not complex is a 
multi-protein complex that is evolutionarily conserved in all eukaryotes and is 
considered as the major deadenylase complex in the cell. In S. cerevisiae, the 
Ccr4-Not complex is composed of nine subunits and is built around the 
scaffolding protein Not1. Structurally, the Ccr4-Not complex assembles into 
four separate modules with distinct domains of Not1 acting as a scaffold for 
individual modules. The four modules include the N-terminal module, the 
deadenylase module, the Caf40 module and the C-terminal module. With the 
exception of the C-terminal module, the architecture and biochemical role of 
all other modules of the yeast Ccr4-Not complex has been characterized. My 
doctoral thesis is focused on the elucidation of the architecture of the C-
terminal module of the yeast Ccr4-Not complex.  
The C-terminal module can be divided in to two sub-modules, the Not 
module and the ubiquitylation module. The Not module is composed of the C-
terminal domain of the Not1, the Not2 and the Not5 proteins in S. cerevisiae. 
Using limited proteolysis, the minimal core of the Not module was identified to 
be formed of the C-terminal domain Not1 (Not1C), full-length Not2 and the C-
terminal domain of Not5 (Not5C). The minimal core of the Not module was 
reconstituted, crystallized and the structure was determined at 2.8 Å 
resolution. The structure reveals that Not1C adopts a HEAT repeat 
architecture with 10 HEAT repeats. The C-terminal Not-box domains of Not2 
and Not5 adopt a Sm-like fold and heterodimerize via a non-canonical 
dimerization interface. This heterodimerization of Not2 and Not5 brings their 
N-terminal extended regions in proximity to each other.  The N-terminal 
extended regions of Not2 and Not5 interact with Not1C  synergistically. Loss of 
Not1 interacting region of either Not2 or Not5 leads to complete disassembly 
of the Not module in vitro and in vivo. Analysis of the electrostatic surface 
potential of the Not1C-Not2-Not5C crystal structure shows the presence of a 
positive patch on the surface. Using biochemical assays and cross-linking 
mass-spectrometry approaches, the RNA binding properties of the Not 
module were explored. The Not module binds specifically to poly(U) RNA with 
a major site on the Not-box domain of Not5. 
The ubiquitylation module consists of the C-terminal domain of Not1 
and Not4. Not4 harbors a N-terminal RING domain with E3 ubiquitin ligase 
activity and a C-terminal low-complexity region essential for its association 
with the Ccr4-Not complex. I characterized distinct regions of yeast Not4 
structurally and biochemically, with their respective interaction partners. First, 
the crystal structure of the RING domain of Not4 in complex with the Ubc4 
was determined. Ubc4 is the cognate E2 enzyme of the Not4 E3 ligase. The 
structure of the E2-E3 complex provided insights into the specificity of Ubc4 
towards Not4. Second, the minimal Not1 interacting region of Not4 was 
mapped and the minimal core of the Not1-Not4 complex was crystallized. 
Analysis of the crystal structure of Not1C in complex with the minimal 
interacting region of Not4 (Not4C) identified a yeast specific short linear motif 
in Not4c that is essential for Not1 binding. Thus, the structure provides 
insights into the putative differences between yeast Not4 and its homologues 
from higher eukaryotes that highlight the differences in the complex formation 
property.  
In brief, my doctoral thesis provides insights into the architecture of the 
Not module and the ubiquitylation module of the Ccr4-Not complex. Together, 
these results present a structural model for the C-terminal arm of the yeast 
Ccr4-Not complex and also provide insights into how the C-terminal module 
contributes to mRNA and protein degradation. 
  
1.0 PREFACE 
This thesis is written in a cumulative style. Chapter one begins with a 
broad overview of the mRNA turnover pathway operating in eukaryotic cells. 
Then the history of the discovery of the Ccr4-Not complex in different 
organisms is mentioned briefly. This is followed by the description of vital 
roles played by the Ccr4-Not complex in the cell. Finally, the modular 
architecture of the Ccr4-Not complex is introduced with emphasis on distinct 
modules.  
The results section includes two research articles, one published in the 
journal Nature Structure and Molecular Biology1 and the other accepted for 
publication in the journal Structure2. Supplementary information is also 
provided along with the main text. Both these studies are related and deal 
with the molecular architecture of the C-terminal module of the Ccr4-Not 
complex. 
In the discussion section, the structures of the Not module from yeast 
and human are compared. This is followed by discussion on how the C-
terminal module acts as a platform for macromolecular interaction and how it 
coordinates with other modules of the complex. Contribution of this study 
towards the advancement in understanding of the molecular architecture and 
functioning of the Ccr4-Not complex is also mentioned.  
Finally, a brief outlook is presented with some of the fascinating 
questions that remain to be answered. 
 
 
1. Bhaskar V, Roudko V, Basquin J, Sharma K, Urlaub H, Séraphin B, 
Conti E. 2013. Structure and RNA-binding properties of the Not1-Not2-
Not5 module of the yeast Ccr4-Not complex. Nat Struct Mol Biol 20: 
1281–1288. 
2. Bhaskar V, Basquin J, Conti E. 2015. Architecture of the ubiquitylation 
module of the yeast Ccr4-Not complex. Structure (Accepted for 
publication). 
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2.0 INTRODUCTION 
 
 Gene expression in eukaryotes begins with the process of transcription 
in the nucleus to produce an RNA molecule and concludes with the gene 
product, which could be an RNA or protein molecule carrying out its 
prescribed biological function. The mRNA is transcribed, modified and 
transported to the cytoplasm where it is translated to a functional protein after 
which both the mRNA and the protein are eventually degraded. Each of these 
steps is highly regulated and breakdown of this regulation is deleterious to the 
cell (Moore 2005; Kunej et al. 2012; Chen et al. 2013; Curinha et al. 2014). 
One such key step in the regulation of gene expression is the 
posttranscriptional regulation, which not only affects the absolute quantity of 
the mRNA but also its translational efficiency in the cell (Moore 2005; Wahle 
and Winkler 2013).  
 
2.1 Maintenance of steady state levels of mRNAs for regulated gene 
expression 
Maintenance of steady state levels of mRNAs is crucial for preserving 
the quantity of proteins in eukaryotic cells.  This is mainly achieved by 
coordinated regulation of their rates of synthesis and degradation (Shalem et 
al. 2011; Trcek et al. 2011; Pérez-Ortín et al. 2012; Sun et al. 2012; 2013). 
The regulation of synthesis of mRNA is largely achieved by either activation or 
inhibition of RNA polymerase II and the associated transcription factors and 
their recruitment to the promoter regions in genome (Fuda et al. 2009). On the 
other hand, decay pathways are controlled by regulated recruitment of the 
exonucleases to the substrate mRNA (Parker and Sheth 2007; Garneau et al. 
2007; Wahle and Winkler 2013). Decay of synthesized mRNA is prevented by 
a series of post-transcriptional modification that not only ensures its stability 
but also assists its translation by ribosomes (Moore 2005; Wahle and Winkler 
2013). 
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2.2 Post-transcriptional modifications of the mRNA for stability and 
translation 
mRNA transcribed in the nucleus needs to be transported to the 
cytoplasm for protein synthesis. The stability of mRNA in eukaryotes is 
ensured by post-transcriptional modifications of the mRNA (Moore 2005). 
These modifications include addition of the 7-methyl guanosine (m7Gppp) cap 
to the 5’ end of the mRNA and template-independent poly-adenosine (poly(A)) 
sequence to the 3’ end of the mRNA.  In the cytoplasm, the 5’ cap structure 
binds the eukaryotic initiation factor 4F complex (eIF4F - composed of eIF4E 
and eIF4G) via the eIF4E subunit and protects the 5’ end of the RNA from 
degradation (Mader et al. 1995; Topisirovic et al. 2011). The poly(A) tail of the 
mRNA is bound by multiple copies of the cytoplasmic poly(A) binding protein 
(PABP: Pab1 in yeast), which prevents the access of nuclease enzymes to 
the 3’ end of the RNA (Tarun and Sachs 1995). Pab1 also interacts with the 
eIF4F complex via the eIF4G subunit (Tarun and Sachs 1996). Since the 
Pab1 and eIF4F also interact with opposite ends of the mRNA, this interaction 
essentially leads to the circularization of the mRNA (Wells et al. 1998; 
Topisirovic et al. 2011). This circularization of the mRNA not only prevents the 
access of exonucleases to the free ends of RNA but also is crucial for 
initiation of translation by the ribosome machinery (Wells et al. 1998; 
Topisirovic et al. 2011) .  
 
2.3 Bulk degradation of mRNA in the cell 
Removal of the poly(A) tail and the 5’ cap structure in mRNA are 
prerequisite for mRNA degradation. General mRNA degradation pathway in 
the cell involves removal of the poly(A) tail: known as the deadenylation 
(Parker and Sheth 2007; Garneau et al. 2007; Wahle and Winkler 2013). This 
is followed by sequential removal of the cap structure by the process of 
decapping and shredding of the remaining body of mRNA in 5’ to 3’ direction 
by the Xrn1 nuclease. Alternatively, the bulk of the deadenylated mRNA can 
be degraded by the exosome complex in 3’ to 5’ direction and ends in removal 
!
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of the residual 5’ cap structure by the scavenger decapping enzyme (Figure 2. 
1) (Parker and Sheth 2007; Garneau et al. 2007). 
 
 
 
Figure 2. 1: Schematic representation of the mRNA turnover pathway in 
eukaryotes. Open reading frame (ORF), 5’ and 3’ untranslated regions 
(UTRs) are indicated. The 5’ cap and 3’ poly(A) tail are shown. Degradation of 
the target mRNA begins with partial deadenylation by the Pan2-Pan3 complex 
that is followed by further deadenylation by the Ccr4-Not complex. This is 
followed by decapping and 5’ to 3’ degradation by the decapping complex and 
the Xrn1 exonuclease. Alternatively, mRNA with oligo(A) tail can be degraded 
by the 3’ to 5’ degradation pathway involving the exosome complex and 
removal of residual cap the by scavenger-decapping enzyme.  
 
2.3.1 Deadenylation 
Deadenylation is the first step of the mRNA degradation that is also the 
rate-limiting step of this pathway (Wiederhold and Passmore 2010; Wahle and 
Winkler 2013).  Removal of the poly(A) tail is thought to be a biphasic process 
that begins with the deadenylation by the Pan2-Pan3 complex followed by the 
!
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Ccr4-Not complex (Yamashita et al. 2005). Pan2-Pan3 is recruited to the 
target mRNA via interaction of the Pan3 C-terminal domain with Pab1 (Wolf 
and Passmore 2014). Association of Pan2-Pan3 with Pab1 stimulates the 
deadenylase activity of Pan2 resulting in partial removal of the poly(A) tail 
from the 3’ end (Boeck et al. 1996). Activity of the Pan2-Pan3 complex 
generates mRNA with poly(A) tail of medium length (that differs in each 
species). The processive Ccr4-Not complex then takes over and continues to 
remove the remaining adenosines from the 3’ end (Wahle and Winkler 2013). 
This biphasic deadenylation is suggested to be essential as the activity of 
Ccr4-Not is inhibited by Pab1 in contrast to activity of Pan2 that is stimulated 
by Pab1 (Boeck et al. 1996; Tucker et al. 2002; Yamashita et al. 2005). The 
removal of the poly(A) tail results in displacement of Pab1 and generation of 
free 3’ end with oligo adenosine.  
In higher eukaryotes, the deadenylated mRNA can also be stored and 
readenylated by the cytoplasmic poly(A) polymerases for translational 
activation (Zhang et al. 2010). This mechanism serves to spatiotemporally 
regulate the translation of many mRNAs including the embryonic morphogens, 
thereby preventing their ectopic expression in the cell (Zhang et al. 2010) 
.   
2.3.2 5’ to 3’ Decay pathway 
2.3.2.1 Decapping 
This step involves the removal of 5’ m7Gppp cap structure from the 
mRNA by the decapping complex and commits it for decay (Parker and Sheth 
2007; Garneau et al. 2007). The decapping complex consists of the Dcp1 and 
Dcp2 decapping enzymes along with decapping activators including Pat1, 
Dhh1, Lsm1-7 and Edc3 proteins (Coller and Parker 2005; Nissan et al. 2010; 
Parker 2012). The catalytic center of the decapping machinery resides in the 
Dcp2 protein (Dunckley and Parker 1999; van Dijk et al. 2002; Steiger et al. 
2003). Activity of Dcp2 is generally weak and is stimulated by Dcp1 (She et al. 
2004; 2008). Decapping activators function by translationally silencing the 
target RNA and recruiting, stabilizing the Dcp1-Dcp2 complex on the target 
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mRNA (Coller and Parker 2004; Lykke-Andersen and Wagner 2005; Parker 
2012). Several protein complexes involved in decapping have been 
characterized in detail both biochemically and structurally by several groups. 
This has led to the emergence of a notion for the mechanism of decapping 
wherein the Lsm1-7 complex is recruited to the 3’ oligo(A) tail that is leftover 
after the activity of the Ccr4-Not complex (Tharun et al. 2000; Tharun and 
Parker 2001). Lsm1-7 blocks the 3’-5’ exonuclease pathway and interacts with 
the C-terminal domain of Pat1 (Bouveret et al. 2000; Braun et al. 2010; 
Nissan et al. 2010; Sharif and Conti 2013). The N-terminal domain of Pat1 
interacts with Dhh1, which binds to the 5’ end of the mRNA. Thus Pat1 
bridges the 5’ and 3’ end of the mRNA by protein-protein interaction (Nissan 
et al. 2010; Sharif et al. 2013). This step is essential for cross-talk between 
the deadenylation and the decapping machinery (Bouveret et al. 2000; Tharun 
and Parker 2001; Tharun 2009; Haas et al. 2010; Ozgur et al. 2010; Nissan et 
al. 2010; Totaro et al. 2011). Finally, concentration of the decapping activators 
like Dhh1, Pat1 and Edc3 at the 5’ end of the target RNA results in recruitment 
and activation of the Dcp1/2 complex and culminates in removal of the 5’ cap 
of the mRNA (Fromm et al. 2012).  
  
2.3.2.2 5’ to 3’ decay by the Xrn1 exonuclease 
Xrn1 is the most prominent exonuclease that carries out the 5’ to 3’ 
decay in eukaryotic cell (Hsu and Stevens 1993; Parker and Song 2004; 
Houseley and Tollervey 2009). Xrn1 is directly recruited to the decapped 
substrate RNA via its interaction with many decapping factors including Pat1 
and Dcp1 (Parker and Sheth 2007; Ozgur et al. 2010; Braun et al. 2012). 
Molecular basis of interactions of some of the decapping factors with Xrn1 has 
already been elucidated (Braun et al. 2012). Xrn1 is a metal-dependent 5’ to 
3’ exonuclease that preferentially degrades RNA with 5’ mono-phosphate 
group compared to RNAs either with tri-phosphate or with hydroxyl group at 
the 5’ end (Jinek et al. 2011; Chang et al. 2011). Xrn1 also plays a role in 
degradation of the mRNA fragments generated by endonucleolytic cleavage 
of the mRNA by different quality control pathways like Nonsense mediated 
!
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mRNA decay (Gatfield and Izaurralde 2004; Doma and Parker 2006; 
Huntzinger et al. 2008; Eberle et al. 2009).  
 
2.3.3 3’ to 5’ Decay pathway 
The exosome is the key player in the 3’ to 5’ decay pathway in the cell 
(Mitchell et al. 1997; Allmang et al. 1999; Makino et al. 2013b; Januszyk and 
Lima 2014). The eukaryotic exosome core is made up of 9 subunits with 
double ring architecture. Three proteins that bear S1 and KH fold form the top 
ring. A second ring is formed by six RNase PH-like proteins that is stacked 
beneath the top ring forming the core of the eukaryotic exosome (Exo9) (Liu et 
al. 2006; Makino et al. 2013a; Wasmuth et al. 2014). The overall architecture 
of bacterial PNPases, RNase PH and the archeal exosome complex is similar 
to the Exo9 complex (Lorentzen et al. 2005; Büttner et al. 2006; Lorentzen 
and Conti 2005; Büttner et al. 2005; Shi et al. 2008; Liu et al. 2006; Makino et 
al. 2013a; Wasmuth et al. 2014).  Although these complexes have similar 
overall architecture, unlike bacterial PNPases and the archeal exosome 
complex, the eukaryotic Exo9 is enzymatically inactive (Liu et al. 2006; 
Dziembowski et al. 2007).  The processive exonuclease activity of the 
eukaryotic exosome in the cytoplasm is dependent on its association with the 
Rrp44 protein(Liu et al. 2006; Dziembowski et al. 2007). Rrp44 binds to the 
bottom of the exosome barrel forming a Exo10 complex that is nucleolytically 
active (Makino et al. 2013a; Bonneau et al. 2009). Single stranded RNA 
substrate is fed to the catalytic center through the central channel of Exo9 
complex (Makino et al. 2013a).  Feeding of the substrate RNA to the exosome 
is thought to be facilitated by a cofactor of cytoplasmic exosome: the Ski 
complex. The Ski complex is an evolutionarily conserved assembly that binds 
to the top of Exo9 core (Brown et al. 2000; Wang et al. 2005; Halbach et al. 
2013). The Ski complex consists of four proteins namely Ski2, Ski3, Ski8 and 
Ski7. The Ski2-Ski3-Ski8 proteins form the core of Ski complex and bind to the 
substrate RNA (Halbach et al. 2013). Ski2 is an ATP-dependent RNA helicase 
(Halbach et al. 2012). The Ski7 protein function as the bridge between the 
core of the Ski complex and Exo9 (Araki et al. 2001).  The present working 
!
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model of the cytoplasmic exosome involves feeding of the oligo adenylated 
mRNA to the central channel of the exosome by the Ski complex after 
removal of secondary structures in substrate RNA by the Ski2 helicase 
(Halbach et al. 2013).  
In the nucleus, the Exo10 complex binds another exonuclease Rrp6 
resulting in formation of a larger complex (Januszyk and Lima 2014). Rrp6 is 
a distributive exonuclease that is implicated in biogenesis and quality control 
of snRNAs and snoRNAs (Briggs et al. 1998; Allmang et al. 1999; 2000; van 
Hoof et al. 2000; Burkard and Butler 2000; Liu et al. 2006; Januszyk et al. 
2011). Rrp6 forms heterodimer with Rrp47 that is essential for stabilization 
and function of Rrp6. (Mitchell et al. 2003; Stead et al. 2007; Synowsky et al. 
2009; Feigenbutz et al. 2013; Stuparevic et al. 2013; Schuch et al. 2014). The 
Rrp6-Rrp47 heterodimer docks onto to the top ring of the Exo10 barrel via the 
C-terminal domain of Rrp6 forming a Exo12 complex (Cristodero et al. 2008; 
Wasmuth et al. 2014). Rrp6-Rrp47 mediates the interaction of Exo12 with its 
nuclear co-factor: the TRAMP complex (Schuch et al. 2014). The TRAMP 
complex is a heterotrimer of Trf4, Air2 and Mtr4 proteins (Houseley et al. 
2006; Anderson and Wang 2009; Falk et al. 2014). The Mtr4 subunit of the 
TRAMP complex harbors a helicase activity and interacts with Rrp6-Rrp47 
complex via its N-terminal extended region (Weir et al. 2010; Jackson et al. 
2010; Jia et al. 2012; Schuch et al. 2014). Interestingly, both TRAMP and Ski 
complexes posses a helicase enzyme suggesting a preference for 
unstructured single stranded RNA substrates by exosome. The preference for 
unstructured single stranded RNA substrates by exosome is further reinforced 
by the fact that the central channel of the exosome core can only 
accommodate single stranded RNA (Makino et al. 2013a). 
 
2.4.  The Ccr4-Not complex 
2.4.1 Discovery of the Ccr4-Not complex  
The Ccr4-Not complex is a multi-subunit Mega Dalton complex, which 
is involved in various aspects of gene expression (Wahle and Winkler 2013). 
!
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The Ccr4-Not complex in yeast consist of 9 subunits that include five Not 
proteins namely Not1 to Not5, Ccr4 and Caf1 as the two deadenylase 
enzymes, Caf40 and yeast specific Caf130 subunits (Liu et al. 1998; 
Oberholzer and Collart 1998; Chen et al. 2001; Collart 2003). The Not 
proteins were first identified as negative regulator of transcription of the HIS3 
gene from non-canonical TATA promoter, thus named as Negative on TATA 
less (Not) (Collart and Struhl 1994; Oberholzer and Collart 1998). Ccr4 was 
identified as a positive regulator of non-fermentative genes, especially ADH2 
(Denis 1984). Immunoprecipitation of Sc.Caf1 followed by mass spectrometric 
analysis lead to identification of a mega Dalton complex that contained both 
Ccr4, Caf1 and five Not proteins (Liu et al. 1998). Purification of the yeast 
Ccr4-Not complex from the native source led to the identification of the Caf40 
and Caf130 subunits (Chen et al. 2001). 
 
Table 2. 1: Composition of the Ccr4-Not complex in different eukaryotes. 
Homologues are mentioned in the same row. 
 
S. cerevisiae T.brucei D. melanogaster H. sapiens 
Not1 Tb Not1 NOT1 CNOT1 
Not2 Tb Not2 NOT2 CNOT2 
Not3  Tb Not5 NOT3 CNOT3 
Not5 
Not4  NOT4 CNOT4 
Ccr4  Ccr4 CNOT6 
CNOT6L 
Caf1 Tb Caf1 POP2 CNOT7 
CNOT8 
Caf40  Caf40 CNOT9 
Caf130    
 Tb Not10 CNOT10 CNOT10 
  CNOT11 CNOT11 
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Since the discovery of the Ccr4-Not complex in yeast, there have been 
many studies that have led to isolation and characterization of the Ccr4-Not 
complex from different organisms including T. brucei, D. melanogaster and H. 
sapiens (Albert et al. 2000; Temme et al. 2004; Schwede et al. 2008; Lau et 
al. 2009). These studies led to identification of many of the evolutionarily 
conserved components of the Ccr4-Not complex along with few species-
specific factors (Summarized in Table1).  
 
2.4.2 Roles of the Ccr4-Not complex 
 
2.4.2.1 Generic mRNA deadenylation 
Deadenylation of mRNA is carried out by the Ccr4-Not and the Pan2-
Pan3 complexes in the cell (Wahle and Winkler 2013). The Ccr4-Not complex 
has been shown to be the major deadenylase complex in vivo and is a crucial 
factor of regulated gene expression in all eukaryotes studied to date 
(Wiederhold and Passmore 2010; Zhang et al. 2010; Wahle and Winkler 
2013). Mechanism of recruitment of the Ccr4-Not complex to the substrate 
mRNA shows some species-specific variations. While in yeast, the 
mechanism of recruitment of the Ccr4-Not complex still remains elusive, in 
higher eukaryotes, the Ccr4-Not complex is thought to be directed to the 
mRNA via the BTG family of proteins (Wahle and Winkler 2013). 
BTG proteins belong to the class of tumor suppressor molecules. In 
humans, at least six homologous proteins belonging to the BTG family exist, 
most of which bind to the Ccr4-Not complex either in phosphorylation 
dependent or independent manner (Rouault et al. 1998; Ikematsu et al. 1999; 
Morel et al. 2003; Yang et al. 2008; Winkler 2010). Direct interaction of Tob 
domain (a conserved feature of BTG family) with the Caf1 subunit of the Ccr4-
Not complex has been reported and investigated at structural level (Horiuchi 
et al. 2009). Tob and Tob2 also interact to PABP via the C-terminal PABPC1-
interacting motif 2 (PAM2) (Okochi et al. 2005; Ezzeddine et al. 2007). Based 
on these findings, a model has been proposed wherein the Ccr4-Not complex 
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is recruited to the mRNA through the Tob protein resulting in deadenylation of 
substrate RNA (Wahle and Winkler 2013).  
 
2.4.2.2 Targeted decay pathways 
Apart from the general mRNA turnover pathway in the cell, the role of 
the Ccr4-Not complex in targeted mRNA decay has also been investigated in 
detail. Targeted decay pathways involve recognition of specific target mRNA 
followed by the recruitment of the translational silencing and/or mRNA decay 
complex to the RNA thus preventing its expression. miRNA-mediated 
degradation, ARE-mediated degradation, Puf- and Nanos-mediated 
degradation and Smaug-mediated degradation are some of the classical 
examples of targeted decay pathways that operate in the cell. Although each 
of these pathways is functionally distinct, their mode of action involves a 
common step of recruitment of the Ccr4-Not complex to the target RNA 
(Doidge et al. 2012; Wahle and Winkler 2013). Recruitment of the Ccr4-Not 
complex to the target RNA results in translational repression and 
deadenylation-dependent degradation of the RNA. 
 
2.4.2.2.1 miRNA-mediated degradation 
miRNAs are approximately 22 nt long non-coding RNA that associates 
with the Argonaute family of proteins (Ago) and related factors resulting in the 
formation of miRNA induced silencing complex (miRISC) (Huntzinger and 
Izaurralde 2011; Fabian and Sonenberg 2012). The miRISC complex is 
guided to the target mRNA due to the complementarity of the miRNA to the 
target mRNA (Bartel 2009; Eulalio et al. 2008; Jinek and Doudna 2009).  
Presence of the Ago proteins on the target mRNA leads to the recruitment of 
the GW182 family of proteins to the target RNA, which is an essential effector 
in this pathway (Huntzinger and Izaurralde 2011; Fabian and Sonenberg 
2012; Braun et al. 2013). GW182 acts downstream to the Ago1 protein and 
tethering of the GW182 protein onto the reporter mRNA bypasses the need of 
the RISC complex for the miRNA-mediated decay pathway (Behm-Ansmant et 
al. 2006). GW182 acts by recruiting the translational silencing complex and 
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the mRNA deadenylation and decay factors to the target mRNA (Huntzinger 
and Izaurralde 2011; Fabian and Sonenberg 2012; Braun et al. 2013).  
GW182 is a multi-domain protein that possesses a N-terminal Ago 
binding domain followed by a ubiquitin binding domain, a Q-rich region and a 
C-terminal domain (Huntzinger and Izaurralde 2011; Fabian and Sonenberg 
2012; Braun et al. 2013).  The N and C-terminal domain of GW182 harbor 
multiple Gly-Trp (GW) repeats in its sequence that act as hot-spots for 
protein-protein interaction (Huntzinger and Izaurralde 2011; Fabian and 
Sonenberg 2012; Braun et al. 2013). The N-terminal GW domain of GW182 is 
shown to interact with the Ago1 protein and this interaction is essential for 
recruitment of GW182 to the target mRNA (Behm-Ansmant et al. 2006; El-
Shami et al. 2007; Takimoto et al. 2009; Lian et al. 2009; Yao et al. 2011). 
The C-terminal GW domain acts as the central repressor domain, thus is 
called as the silencing domain (SD) (Zipprich et al. 2009; Eulalio et al. 2009; 
Lazzaretti et al. 2009; Jinek and Doudna 2009; Huntzinger et al. 2010; Zekri et 
al. 2009). SD of GW182 can be further divided in to a mid region, RRM and a 
C-terminal region (Huntzinger and Izaurralde 2011; Fabian and Sonenberg 
2012; Braun et al. 2013). The mid region is bifurcated by a PAM2 motif 
resulting in formation of M1 and M2 regions that flank the PAM2 motif (Fabian 
et al. 2009; Zekri et al. 2009; Huntzinger et al. 2010). The PAM2 motif is 
essential for interaction of GW182 with the PABP protein (Fabian et al. 2009; 
Zekri et al. 2009; Huntzinger et al. 2010). 
The GW182 protein is shown to recruit the Ccr4-Not and the Pan2-
Pan3 complexes to target mRNAs thereby silencing their translation and 
promoting their decay (Braun et al. 2011; Fabian et al. 2011; Chekulaeva et 
al. 2011). Human GW182 contains two Ccr4-Not interacting motif (CIM) motifs 
in M1 and C-term regions that mediate its interactions with the Ccr4-Not 
complex (Fabian et al. 2011). Additionally, the tryptophan residues of the GW 
motifs in M1, M2 and C-term regions also contribute to interactions with the 
Ccr4-Not complex (Chekulaeva et al. 2011). Elucidation of the structural basis 
of interaction of GW182 with the Ccr4-Not complex identified two specific sites 
on the CNOT9 protein that preferentially bind the tryptophan residues of the 
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GW182 protein (Mathys et al. 2014; Chen et al. 2014). Mutation of this site in 
CNOT9 disrupts the binding of the GW182 protein and compromises the 
activity of GW182 protein (Mathys et al. 2014; Chen et al. 2014). Binding of 
GW182 to the mRNA is shown to promote the dissociation of the PABP from 
the mRNA, repress translation, promote deadenylation and decapping of the 
target RNA (Huntzinger and Izaurralde 2011; Fabian and Sonenberg 2012; 
Braun et al. 2013). 
 
2.4.2.2.2 ARE-mediated degradation 
Cells tightly regulate the mRNA levels of several transcripts coding for 
transiently expressed proteins like the cytokines. These cytokine mRNAs like 
TNF-α, GM-CSF etc. possess AU rich elements (ARE) in their 3’ UTR that 
assists in accelerated decay of these mRNAs (Chen and Shyu 1995; Sanduja 
et al. 2011; 2012). The AREs are cis-acting elements with an AUUUA seed 
sequence (Chen and Shyu 1995; Xu et al. 1998).  Generally, AREs are 
present in multiple copies in the uridine rich region of the 3’ UTR of these 
mRNAs (Chen and Shyu 1995; Xu et al. 1998). The AREs are known to bind 
the Tristetraprolin (TTP) protein that accelerates the decay of the bound RNA 
by recruiting the deadenylation complex (Chen and Shyu 1995; Sanduja et al. 
2011; 2012). A direct interaction of the C-terminal 13 residue fragment of the 
human TTP (residues 313-326, termed as CIM for Ccr4-Not interacting motif) 
was shown with the human CNOT1 (residues 800-999) (Sandler et al. 2011; 
Fabian et al. 2013). Structural characterization of the human CNOT1-TTP 
complex showed that this region of the human CNOT1 adopts a MIF4G fold 
(Fabian et al. 2013). Helix 1 and the N-terminal extension of the CNOT1 
MIF4G domain forms a cleft onto which a short helix of the TTP docks (Fabian 
et al. 2013). Mutation of conserved residues at the interface abolishes the 
complex formation in vitro and stabilizes the target RNA in vivo (Fabian et al. 
2013).  
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2.4.2.2.3 Puf and Nanos-mediated degradation 
Pumilio family (PUF) of proteins is conserved from yeast to human and 
regulate distinct cellular processes (Wharton and Struhl 1991; Wreden et al. 
1997; Olivas and Parker 2000; Wickens et al. 2002; Menon et al. 2004). In 
yeast, Mpt5 (a protein belonging to PUF family) binds to the 3’ UTR of HO 
mRNA and influences the mating-type switch (Goldstrohm et al. 2006). In 
Drosophila, Puf3 binds to the 3’UTR of hunchback and cyclin B mRNA and 
promote their degradation (Wreden et al. 1997; Wickens et al. 2002; Kadyrova 
et al. 2007). The PUF protein can be targeted to a specific mRNA directly via 
a cis-acting element or by association with a binding partner like Nanos 
(Wickens et al. 2002; Spassov and Jurecic 2003). Interaction of PUF proteins 
with the Ccr4-Not complex via Caf1 has been observed in all eukaryotes 
(Goldstrohm et al. 2006). PUF promotes Ccr4-Not dependent deadenylation 
and decay of the target mRNA (Kadyrova et al. 2007; Goldstrohm et al. 2007).  
Co-repressors of PUF proteins like Eap1 also stimulate decapping of the 
target mRNA by recruiting decapping activators (Blewett and Goldstrohm 
2012). 
Nanos protein was first identified as an essential factor for embryonic 
patterning in Drosophila (Lehmann and Nüsslein-Volhard 1991). Nanos is a 
metazoan specific protein. It is also thought to play a role in germline 
development and maintenance (Tsuda et al. 2003; Lai and King 2013). In 
vertebrates, three paralogs of Nanos protein exists namely Nanos1, Nanos2 
and Nanos3 with partially overlapping roles (Jaruzelska et al. 2003; Tsuda et 
al. 2003; Suzuki et al. 2007). Once Nanos is recruited to the target RNA, it 
translationally represses the target and promotes the degradation by binding 
to the Ccr4-Not complex (Suzuki et al. 2010). All the Nanos homologs in 
vertebrates carry a conserved short linear motif (SLiM) at the very N-
terminus, which interacts with the C-terminal domain of Not1 in vitro and in 
vivo (Suzuki et al. 2012; Bhandari et al. 2014). This interaction is shown to 
been essential for the Nanos function in vivo. Thus, it is considered that actual 
function of Nanos is carried out via recruitment of the Ccr4-Not complex 
(Bhandari et al. 2014). Mouse Nanos3 possesses an additional CNOT8 
!
!
16!
interaction site that is attributed for functional distinction between Nanos2 and 
Nanos3 homologs (Suzuki et al. 2014).  
 
2.4.2.2.4 Smaug and CUP-mediated degradation 
Smaug proteins were first identified in Drosophila embryo as regulators 
of gene expression including Nanos expression (Smibert et al. 1996; 
Dahanukar et al. 1999). Smaug proteins are conserved throughout 
eukaryotes(Smibert et al. 1996; Dahanukar et al. 1999). They harbor a C-
terminal Sterile Alpha Motif (SAM) domain essential for their function 
(Dahanukar et al. 1999; Aviv et al. 2003; Green et al. 2003). Smaug is 
targeted to the substrate mRNA via cis-acting elements in the 3’ UTR of 
mRNA known as the Smaug Recognition Element (SRE) (Smibert et al. 
1996). The SAM domain recognizes and specifically binds the SRE 
(Dahanukar et al. 1999; Aviv et al. 2003; Green et al. 2003; Aviv et al. 2006).  
Smaug recruitment to the mRNA enhances its translational repression and 
deadenylation-dependent decay (Smibert et al. 1996; Dahanukar et al. 1999). 
Smaug mediated translational repression requires another protein know as 
the CUP protein that act as co-repressors of Smaug (Nelson et al. 2004). 
Drosophila CUP protein belongs to the 4E binding protein (4E-BP) class of 
translation repressors that compete with eIF4G for eIF4E binding. Binding of 
the CUP protein to eIF4E inhibits the formation of functional eIF4F complex, 
which is essential for translation initiation (Igreja and Izaurralde 2011). Both 
the CUP and the Smaug proteins interact with the Ccr4-Not complex and 
promote the translational repression and deadenylation of the target mRNAs 
(Aviv et al. 2003; Semotok et al. 2005; Rendl et al. 2008; Igreja and Izaurralde 
2011). Incidentally, immunoprecipitation of Drosophila CUP protein co-
precipitates Me31B (Sc. Dhh1, Hs. DDX6 homologue) in S2 cells (Igreja and 
Izaurralde 2011). Me31B is a well-known repressor of translation that also 
happens to interact with the Ccr4-Not complex (Parker and Sheth 2007). 
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2.4.2.2.5 Mechanism of translational repression by the Ccr4-Not complex  
The DDX6 protein belongs to the DEAD box family of ATP dependent 
RNA helicases and is a well-characterized translational repressor (Parker and 
Sheth 2007).  DDX6 and its homologues have been shown to interact with the 
Ccr4-Not complex both in vitro and in vivo (Maillet and Collart 2002; Hata et 
al. 1998; Temme et al. 2010). The interaction of DDX6 with the Ccr4-Not 
complex is crucial for translational repression in vivo. Recently, the crystal 
structure of Hs.DDX6 in complex with Hs.CNOT1 revealed the molecular 
basis of their interaction and the mechanism of activation of DDX6 (Mathys et 
al. 2014; Chen et al. 2014). DDX6 in the apo state is present in a closed 
conformation. Interaction of DDX6 with CNOT1 induces a large 
conformational change thereby placing DDX6 in an ATP binding competent 
state resulting in stimulation of its ATPase activity (Mathys et al. 2014). 
ATPase activity of DDX6 is crucial for translational repression, which is 
thought to be mediated via ATP dependent remodeling of the mRNP complex 
eventually leading to inhibition of translation (Mathys et al. 2014). These 
results underscore the essentiality of the Ccr4-Not complex not only in 
deadenylation-dependent decay pathway but also in deadenylation-
independent translational repression. 
 
2.4.2.3 Other functions of the Ccr4-Not complex 
2.4.2.3.1 Cytoplasmic RNA and protein quality control pathways 
Aberrant mRNAs in the cell need to be efficiently silenced and 
degraded in order to prevent the accumulation of partially translated protein 
products that could lead to cytotoxicity. The Ccr4-Not complex has been 
implicated in the degradation of aberrant mRNA as well aberrant protein 
product.  
 Nonsense mediated decay (NMD) is one of the many surveillance 
mechanisms that exists in the cell and is dedicated towards to the recognition 
and degradation of aberrant mRNAs carrying a pre-mature stop codon 
(Nicholson and Mühlemann 2010; Kervestin and Jacobson 2012). Key factors 
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that play a role in NMD include Upf1, Upf2, Upf3, SMG5, SMG6 and SMG7 
(Nicholson and Mühlemann 2010; Kervestin and Jacobson 2012). SMG5 and 
SMG7 heterodimerize and is recruited to the aberrant mRNA by 
phosphorylated UPF1 (Nicholson and Mühlemann 2010; Kervestin and 
Jacobson 2012; Loh et al. 2013). SMG7 has been shown to interact with the 
Ccr4-Not complex via its Caf1 subunit (Loh et al. 2013). Interaction of SMG7 
with Caf1 stimulates the deadenylation-dependent degradation of mRNA in 
vivo (Kervestin and Jacobson 2012; Loh et al. 2013). 
 No-go decay (NGD) pathway is activated by stalling of the translating 
ribosome due to variety of reasons (Harigaya and Parker 2010). This results 
in recruitment of both protein and RNA degradation machineries. In yeast, the 
Not4 and the Ltn1 E3 ubiquitin ligase are shown to be necessary for 
degradation of aberrant protein products that are generated by stalling of the 
translating ribosome on poly(A) stretch within the ORF in the mRNA 
(Dimitrova et al. 2009; Inada and Makino 2014; Matsuda et al. 2014). The 
degradation is mediated via the proteasomal degradation pathway (Inada and 
Makino 2014; Matsuda et al. 2014). 
 
2.4.2.3.2 Transcription  
Components of the yeast Ccr4-Not complex were isolated as both 
positive and negative regulators of transcription (Denis 1984; Collart and 
Struhl 1993; Liu et al. 1998). Since the identification of the deadenylase 
activity of the complex, many studies have only investigated the role of this 
complex in the mRNA decay pathway. However, several lines of evidences 
indicate its function in transcription. First, in yeast, components of the Ccr4-
Not complex show genetic interactions with subunits of the TFIID, SAGA 
complexes and transcription elongation factors (Badarinarayana et al. 2000; 
Benson et al. 1998; Deluen et al. 2002; Lemaire and Collart 2000; Reese and 
Green 2001). Second, genome-wide gene expression screens in the wild-type 
and mutant Ccr4-Not complex indicates its role in regulation of wide variety of 
genes (Cui et al. 2008; Azzouz et al. 2009). Third, over-expression of 
components of the Ccr4-Not complex in metazoa leads to 
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activation/repression of reporter genes (Miller and Reese 2012). Fourth, 
CHIP-seq experiments have mapped the binding of the Ccr4-Not complex to 
the ORF of several genes (Venters et al. 2011). Finally, deletion of Ccr4 or 
Not4 genes affects the distribution of the RNA polymerase II enzyme across 
genes (Kruk et al. 2011). Even though these results indicate a role for Ccr4-
Not complex in transcription, the precise function of the Ccr4-Not complex in 
transcriptional regulation remains elusive.  
 
2.4.3. Modular architecture of the Ccr4-Not complex 
  The Ccr4-Not complex is assembled around Not1 that acts as a 
single large scaffold protein. Evidently, Not1 is known to interact with almost 
all the other components of the complex (Bai et al. 1999; Bawankar et al. 
2013). Not1 is essential for the viability of yeast as complete loss of Not1 
results in lethality (Maillet et al. 2000). Not1 has highly modular domain 
architecture with a N-terminal helical domain, followed by a MIF4G domain, an 
extended helical domain and a C-terminal domain.  Deletion of either the 
MIF4G domain or the C-terminal domain affects viability of yeast (Basquin et 
al. 2012).  
Interaction studies on the Ccr4-Not complex using truncated constructs 
of Not1 both in yeast and higher eukaryotes have identified that different 
domains of Not1 interact with other subunits of the core complex, resulting in 
formation of a modular complex (Bai et al. 1999; Lau et al. 2009; Bawankar et 
al. 2013). This is further validated structurally by negative stain electron 
microscopy of the yeast Ccr4-Not complex that showed presence of a L-
shaped molecule with at least three distinct modules  (Figure 2. 2) 
(Nasertorabi et al. 2011).  
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Figure 2. 2: Schematic representation of the L-shaped yeast Ccr4-Not 
complex. Different domains of Not1 are shown as rectangles in different 
colors. Other proteins of the core Ccr4-Not complex are shown as ellipses, 
are labeled and placed onto the Not1 domains that they interact within the 
context of the complex. Different modules are labeled. 
 
The distinct modules of the Ccr4-Not complex are described below. 
 
2.4.3.1 The N-terminal module 
In S. cerevisiae, the N-terminal domain of Not1 is approximately 750 
amino acids (AA) long and forms the N-terminal arm of the Ccr4-Not complex.   
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The crystal structure of isolated N-terminal domain of the yeast Not1 showed 
that it adopts an extended HEAT repeat architecture (Figure 2. 3) (Basquin et 
al. 2012). In silico analysis of the N-terminal domain of human CNOT1 also 
predicts it to fold in to an extended helical structure. 
In metazoan, the N-terminal domain of Not1 associate with Not10 and 
Not11 subunits resulting in the formation of the N-terminal module of the 
complex (Bawankar et al. 2013; Mauxion et al. 2013). This module was 
discovered recently and its functional significance remains unknown. In 
Droshophila, this module was shown to be non-essential for mRNA 
deadenylation (Bawankar et al. 2013; Mauxion et al. 2013). In Trypanosomes, 
CNOT10 has been found to be essential for overall integrity of the complex 
and thus for deadenylation activity of the complex (Färber et al. 2013). 
CNOT10 is predicted to have TPR repeat architecture while the C-terminal 
domain of CNOT11 is predicted to be a DUF domain. The molecular basis of 
assembly of this module remains elusive owing to limited structural 
information. 
 
 
 
Figure 2. 3: Structure of the N-terminal domain of the yeast Not1. The 
structure shows formation of highly extended helical domain formed by HEAT 
repeats. 
   
The N-terminal region of the human CNOT1 contains an additional 
MIF4G domain that mediates the binding of CNOT1 to the TTP protein 
(Fabian et al. 2013). Superposition of the human CNOT1-TTP complex 
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structure onto the structure of the N-terminal domain of yeast Not1 identifies 
highly similar sub-domain in the yeast Not1.  Most of the TTP interacting 
residues of the human CNOT1 are conserved in the yeast Not1. On the 
contrary, CIM motif needed for interaction with Not1 seems to be less 
conserved in yeast homolog of the TTP protein.  Thus, the exact role of the 
Ccr4-Not complex in ARE mediated decay in S. cerevisiae remains elusive. 
 
2.4.3.2 The deadenylase Module 
 The deadenylase module of the complex is formed by middle domain of 
the Not1 scaffold protein and the two deadenylase enzymes: Ccr4 and Caf1 
proteins (Bai et al. 1999). As the name suggests, this module harbors the 
catalytic activty of the Ccr4-Not complex and is essential for deadenylation of 
mRNA in vivo (Tucker et al. 2002). This module is evolutionarily conserved in 
all species examined to date (Albert et al. 2000; Temme et al. 2004; Schwede 
et al. 2008; Lau et al. 2009). Although, the need for two-deadenylase 
enzymes is not clear, the activity of these two proteins seems to differ in 
different species. For example, in yeast both Caf1 and Ccr4 seems to 
possess deadenylation activity in vitro but Ccr4 seems to be the more active 
enzyme in vivo (Daugeron 2001; Tucker et al. 2002). In Drosophila, while the 
deadenylation activity of Caf1 seems to be essential for generic deadenylation 
in vivo, the deadenylation activity of Ccr4 is needed for deadenylation of 
specific mRNA (Temme et al. 2004). Humans possess two orthologs for both 
Ccr4 and Caf1 proteins that are mutually exclusive (Lau et al. 2009). This 
results in four possible combinations of Ccr4-Caf1 association resulting in 
variability in the human Ccr4-Not complex. In humans, Drosophila and 
Trypanosomes Caf1 homologue seems to be the dominant deadenylase in 
vivo (Schwede et al. 2008; Temme et al. 2004; Lau et al. 2009). 
Yeast Caf1 is a 285 AA long protein that contains a poorly conserved 
N-terminal unstructured region followed by a conserved C-terminal RNaseD 
domain (Daugeron 2001). Caf1 belongs to DEDD superfamily of exonuclease 
that catalyze the hydrolysis of the phosphodiester bond by classical two metal 
ion mechanism (Jonstrup et al. 2007). The two metal ions essential for 
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catalysis are coordinated by a conserved set of three aspartates and a 
glutamate residue and thus are named as DEDD nuclease. The binding site of 
the two metal ions on the protein are identified as A and B sites. Structure of 
the isolated Caf1 has been determined from S. cerevisiae and S. pombe. The 
structure shows a kidney-shaped molecule formed by central mixed β-sheets 
flanked by α-helices on both sides (Daugeron 2001; Jonstrup et al. 2007). The 
active site is located at the cleft formed at the tip of β-sheet that is protected 
from the solvent by the flanking loops and helical regions of the molecule 
(Daugeron 2001). A closer look at the active site showed that the metal 
coordinating DEDD motif is mostly conserved in all eukaryotes except for the 
Sc.Caf1 (SEQD instead of DEDD) (Daugeron 2001). Structural and 
biochemical characterization of Sp.Caf1 in presence of different ions at 
physiological concentrations led to revelation that the Sp.Caf1 preferentially 
binds a Zn2+ ion at the A site and a Mn2+ ion at the B site (Andersen et al. 
2009). The type of ion at the active site was also shown to affect the 
specificity and processivity of Sp.Caf1, thus leading to a speculation of 
regulation of the Caf1 activity depending on Zn2+ ion concentration in vivo 
(Jonstrup et al. 2007; Andersen et al. 2009). 
 In yeast Ccr4 is 837 AA long protein, which contains a N-terminal 
unstructured region followed by a Leucine rich repeat (LRR) and a C-terminal 
exonuclease domain belonging to Endonuclease/Exonuclease/Phosphatase 
(EEP) family (Draper et al. 1994). Crystal structure of isolated nuclease 
domain of the CNOT6L from H. sapiens (homolog of yeast Ccr4) was 
determined in apo, AMP and single stranded poly(dA) DNA bound forms 
(Wang et al. 2010).  CNOT6L adopts an α/β sandwich fold, with the negatively 
charged active site located in the central cleft at top of the β−sheet. Active site 
of CNOT6L bind two Mg2+ ions that interact with the catalytic residues as well 
as the RNA substrate. CNOT6L displays metal dependent adenosine specific 
3’-5’ exonuclease activity in vitro (Wang et al. 2010).  
 
!
!
24!
 
 
Figure 2. 4: Structure of the deadenylase module of the Ccr4-Not complex. A. 
Crystal structure of the yeast Ccr4-Not complex including the MIF4G domain 
of Not1 (orange), Caf1 (blue) and Ccr4 (pink) proteins. Nuclease domain of 
the human CNOT6L is shown after superposition of the same onto the 
partially ordered nuclease domain of yeast Ccr4. Arrows indicate the active 
site of the two nuclease enzymes. B. Crystal structure of the MIF4G domain of 
human CNOT1 (orange) in complex with CNOT7 (blue) in similar orientating 
as (A). Active site of CNOT7 is indicated by an arrow. 
 
Assembly of the deadenylase module is achieved by interaction of 
Not1 with Caf1, which in turn associates with the Ccr4 protein (Bai et al. 1999; 
Temme et al. 2004; Schwede et al. 2008; Bawankar et al. 2013). Several 
biochemical studies have clearly demonstrated the recruitment of Ccr4 to the 
Crr4-Not complex is essentially dependent on Caf1 and is mainly mediated by 
the LRR domain (Liu et al. 1998; Clark et al. 2004). 
The structure of the yeast deadenylase module with all the three 
subunits elucidated the molecular basis of interaction of the MIF4G domain of 
Not1 (residues 750-1000) with Caf1 and of Caf1 with Ccr4 (Basquin et al. 
2012). Caf1 interacts with the MIF4G domain via its RNaseD domain. The 
active site of Caf1 is placed away from the Not1 binding surface and faces the 
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solvent. The LRR domain of Ccr4 interacts with a loop region of Caf1 that 
assumes a β-strand structure upon Ccr4 binding. This extends the β-sheet of 
the LRR domain of Ccr4. The nuclease domain of Ccr4 is located away from 
the complex. This mode of interaction gives the complex a L-shaped 
architecture with both active site facing the solvent (Basquin et al. 2012).  
The structure of the human CNOT1 (MIF4G)-CNOT7 complex shows 
similar architecture to that of the Not1 (MIF4G)-Caf1 sub-complex in the yeast 
deadenylase module (Figure 2. 4) (Petit et al. 2012). Mutation of the 
evolutionary conserved residues at the interface that disrupts the complex 
formation leads to deadenylation defects both in yeast and human cells 
(Basquin et al. 2012; Petit et al. 2012; Bawankar et al. 2013). 
 
2.4.3.3 The Caf 40 module 
 Binding of Caf40 to CNOT9-binding domain of Not1 (CNOT9-BD) 
generates the Caf40 module (Bawankar et al. 2013). Yeast Caf40 is 373 AA 
long protein that is conserved in almost all eukaryotes. The crystal structure of 
the isolated CNOT9 (human homolog of Caf40) protein showed that it 
consists of tandem armadillo repeats that folds into a crescent shaped helical 
domain (Garces et al. 2007). The concave face of this helical domain is rich in 
positively charged residues that bind to the single stranded DNA in vitro with 
least preference to poly(dA) DNA. In isolation, the convex surface serves as a 
site for dimerization (Garces et al. 2007).  
Structure of the human CNOT9-CNOT1 and Sc.Caf40-Not1 elucidated 
the molecular basis of their interaction (Figure 2. 5) (Mathys et al. 2014; Chen 
et al. 2014). The architecture of CNOT9 in the complex is very similar to that 
observed in isolation. CNOT9-BD of human CNOT1 (residues 1352-1588) 
forms a long three helical bundle with N and C-terminal extensions also 
contributing to the hydrophobic core. The interface of the CNOT9-CNOT1 
complex is mainly formed by interaction of ARM2 and ARM3 at the convex 
surface of CNOT9 with the helical domain of CNOT1 (Mathys et al. 2014; 
Chen et al. 2014). Similar mode of interaction was also seen in the yeast 
Caf40-Not1 complex (Figure 2. 5) (Mathys et al. 2014). 
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Figure 2. 5: Structure of the Caf40 module of the Ccr4-Not complex. A. 
Structure of the Caf40 binding domain of the yeast Not1 (light orange) in 
complex with Caf40 (grey) B. Structure of the CNOT9 binding domain of the 
human CNOT1 (light orange) in complex with CNOT9 (grey). 
 
2.4.3.4 The C-terminal Module 
 The C-terminal domain of yeast Not1 tethers the other four Not proteins 
thus forming the C-terminal arm of the complex. Functionally, this module can 
be divided in to two sub-modules namely the Not module and the 
ubiquitylation module.  
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Figure 2. 6: Domain organization of yeast Not1 C-terminal domain, Not2, 
Not3/5 and Not4 proteins. Colored rectangles indicate predicted folded 
domains while empty rectangles represent predicted low-complexity regions. 
Predicted or known domains are labeled and the boundaries are shown on 
top of the rectangles.  
 
2.4.3.4.1 The Not Module 
The Not module in yeast is assembled on the C-terminal domain of 
Not1 (residues 1490-2108) and consists of the Not2, Not3 and Not5 proteins 
(Bai et al. 1999). Not3 and Not5 proteins are thought to be paralogs and only 
one corresponding protein is present in higher eukaryotes (Oberholzer and 
Collart 1998; Albert et al. 2000). Although the exact biochemical role of the 
Not module is unknown, several lines of evidence suggest the essentiality of 
the Not Module in vivo. First, deletion of last 400 amino acids from the C-
terminal domain of Sc.Not1 is lethal (Maillet et al. 2000; Basquin et al. 2012). 
Second, deletion of Not2 or Not5 genes show severe growth defects 
indicating a loss of essential function in cell. Also the association of Not2 or 
Not5 to the Ccr4-Not complex is dependent on each other (Bai et al. 1999). A 
similar scenario is also observed in higher eukaryotes where the association 
of CNOT3 to the complex is dependent on CNOT2 and vice-versa (Lau et al. 
2009; Ito et al. 2011; Bawankar et al. 2013). Third, deletion of Not2 or Not5 
along with Ccr4 or Caf1 shows synthetic lethal phenotype indicating loss of 
two non-redundant functions (Maillet et al. 2000). Fourth, depletion or deletion 
of the components of the Not module in higher eukaryotes leads to defect in 
deadenylation of specific RNAs (Ito et al. 2011). Finally, the Not Module has 
also been linked to regulation of transcription in vivo but the underlying 
mechanism remains unknown (Miller and Reese 2012).   
Analysis of domain organization of the individual Not proteins reveals a 
conserved 100-residue long domain at the C-terminus of Not2, Not3 and Not5 
named as Not-box (Figure 2. 6) (Zwartjes et al. 2004). Not-box domain is 
essential for recruitment of the protein to the Ccr4-Not complex and is shown 
to harbor a transcriptional repression activity in vivo (Zwartjes et al. 2004; 
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Bawankar et al. 2013). The N-termini of Not3 and Not5 are highly similar and 
harbor a coiled-coil domain of unknown function (Figure 2. 6) (Albert et al. 
2000; Collart 2003).  
 
2.4.3.4.2 The Ubiquitylation Module 
The ubiquitylation module is built by C-terminal domain of Not1 and 
Not4 proteins (Bai et al. 1999). Analysis of domain organization of Not4 shows 
a N-terminal RING domain followed by a RRM domain and a C-terminal 
unstructured region (Figure 2. 6). RING domain of CNOT4 (human homologue 
of Sc.Not4) has a novel C4C4 motif that coordinates two zinc ions in cross-
brace fashion (Hanzawa et al. 2001). This domain also possesses an E3 
ubiquitin ligase activity with UbcH5B (human homologue of Sc.Ubc4/5) as its 
cognate E2 enzyme (Albert et al. 2002; Mulder et al. 2007b). The E3 ubiquitin 
ligase activity is conserved in the yeast Not4. Residues at the interface of 
CNOT4-UbcH5B complex were identified by combination of NMR and 
mutational analysis (Albert et al. 2002; Winkler et al. 2004).  
The C-terminal unstructured region of Not4 has been shown to be 
essential for its association with the Ccr4-Not complex (Panasenko and 
Collart 2011a). Although functional homologues of Not4 have been identified 
in higher eukaryotes, Not4 is an integral part of the Ccr4-Not complex only in 
yeast (Lau et al. 2009; Temme et al. 2010; Erben et al. 2014). The association 
of Not4 with the Ccr4-Not complex is essential for growth of yeast in the 
presence of translational inhibitors (Panasenko and Collart 2011b).  
Not4 regulates various cellular pathways by ubiquitylating a range of 
substrates that includes the Yap1 transcription factor, Cyclin C, the Jhd2 
histone demethylase and ribosome-associated factors like NAC (Panasenko 
et al. 2006; Laribee et al. 2007; Mulder et al. 2007a; Mersman et al. 2009; 
Cooper et al. 2012; Gulshan et al. 2012; Panasenko and Collart 2012). 
Debatably, Not4 along with Ltn1 is also thought to participate in the NGD 
pathway and play a role in degradation of truncated products generated from 
stalled ribosome (Dimitrova et al. 2009; Matsuda et al. 2014). The RING 
domain of Not4 is also thought to be essential for maintaining physiological 
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level of free ubiquitin in the cell by facilitating the assembly of the proteasome 
complex in vivo (Panasenko and Collart 2011a). Genetic complementation 
and synthetic gene array studies have suggested additional functions to the 
RING domain of Not4 apart from its E3 ligase activity (Mulder et al. 2007b).  
  
2.5 Scope of this work 
Since the discovery of the Ccr4-Not complex, it has emerged as one of 
the key players in posttranscriptional gene regulation in the eukaryotes. Over 
the last decade, a lot of work has been done on the deadenylase module both 
structurally and biochemically, that has led to a detailed understanding of how 
this module works. Similarly the architecture of the Caf40 module and its role 
in the miRNA-mediated decay pathway has been elucidated recently. On the 
other hand, the architecture of the C-terminal module of the complex and its 
role in the cell has been mostly elusive. Furthermore, no known structural 
domains could be identified on Not2, Not3 and Not5 using bioinformatics. 
Hence, no known functions could be associated to these proteins. Since all 
the modules are necessary for efficient functioning of the Ccr4-Not complex, it 
becomes imperative to characterize the C-terminal module. 
The work presented in this thesis aims to understand the architecture 
and the role of the C-terminal module of the yeast Ccr4-Not complex. The 
main question that are addressed include: 1) What is molecular basis of 
formation of the Not module? 2) How does the Not module mediate its 
interaction with other binding partners? 3) What is molecular basis of 
formation of the ubiquitylation module and how does it relates to the Not 
module structurally? 4) What are the mechanistic details of the E2-E3 
interaction of the Ubc4-Not4 complex and how does it contribute to the 
specificity of Ubc4-Not4 interaction?  
Using structural and biochemical methods, we have attempted to 
answer the aforementioned questions. 
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3.0 RESULTS 
 
3.1   Structure and RNA-binding properties of the Not1-Not2-Not5 
module of the yeast Ccr4-Not complex 
 Results presented in this section were published as an original 
research article in the journal Nature Structural & Molecular Biology (20(11), 
pages 1281–1288). Methods and supplementary material sections are 
included along with the main text.  
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3.2 Architecture of the ubiquitylation module of the yeast Ccr4-Not 
complex 
Results presented in this section are accepted for publication in the 
journal Structure as a short research article. Main text along with methods and 
supplementary material sections are presented.  
!
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SUMMARY 
The Ccr4-Not complex regulates eukaryotic gene expression at multiple levels, including 
mRNA turnover, translational repression and transcription. We have studied the ubiquitylation 
module of the yeast Ccr4-Not complex and addressed how the E3 ligase binds the cognate 
E2 and how it is tethered to the complex. The 2.8 Å resolution crystal structure of the N-
terminal RING domain of Not4 in complex with Ubc4 shows the detailed interactions of this 
E3-E2 complex. The 3.6 Å resolution crystal structure of the C-terminal domain of the yeast 
Not4 in complex with the C-terminal domain of Not1 reveals how a largely extended region at 
the C-terminus of Not4 wraps around a HEAT-repeat region of Not1. This C-terminal region of 
Not4 is only partly conserved in metazoans, rationalizing its weaker Not1-binding properties. 
The structural and biochemical data show how Not1 can incorporate both the ubiquitylation 
module and the Not2-Not3/5 module concomitantly in the Ccr4-Not complex. 
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INTRODUCTION 
The Ccr4-Not complex is a crucial player in the regulation of eukaryotic gene 
expression (reviewed in Wahle and Winkler, 2013). Ccr4-Not was originally discovered as a 
transcriptional regulator in yeast (Collart and Struhl, 1994; Draper et al., 1994). Subsequent 
experiments revealed its fundamental function in cytoplasmic mRNA turnover, as a 
deadenylase that shortens the poly(A) tail at the 3' end of mRNAs (Daugeron et al., 2001; 
Tucker et al., 2002). More recently, Ccr4-Not was also shown to act as a translational 
repressor (reviewed in Chapat and Corbo, 2014) and to be implicated in co-translational 
quality control (Panasenko, 2014; Matsuda et al., 2014). 
Purification of the Ccr4-Not core complex from endogenous sources has revealed the 
presence of a large macromolecular assembly containing several evolutionary conserved 
proteins and a few proteins that are instead species specific (Chen et al., 2001; Lau et al., 
2009; Temme et al., 2010; Erben et al., 2014). Ccr4-Not is assembled around Not1, a 
~240 kDa protein that is built by consecutive helical domains. The individual domains of Not1 
recruit the other core components of the complex forming structurally and functionally distinct 
modules. The Not1 N-terminal domain is an elongated HEAT-repeat fold (Basquin et al., 
2012) and appears to bind species-specific subunits (CNOT10-CNOT11 in metazoans, 
Caf130 in yeast) (Chen et al., 2001; Mauxion et al., 2013; Bawankar et al., 2013). The Not1 
central MIF4G domain is next and recruits Caf1 (also known as Pop2 in yeast) and Ccr4, 
forming the deadenylase module of the complex (Draper et al., 1994; Bai et al., 1999). This is 
followed by the Not1 helical bundle domain, which binds Caf40 (Bawankar et al., 2013). Last 
is the Not1 C-terminal domain, an elongated HEAT-repeat fold that binds Not2 and Not5 (and 
in yeast also the paralogue Not3), forming the Not module of the complex (Bai et al., 1999). 
The C-terminal domain of Not1 also binds Not4, another core component of the yeast Ccr4-
Not complex (Bai et al., 1999). Finally, several peripheral proteins are recruited to the core 
complex, such as DDX6, Nanos, tristetraprolin and GW182 in metazoans (Maillet and Collart, 
2002; Suzuki et al., 2010; Sandler et al., 2011; Braun et al., 2011; Chekulaeva et al., 2011; 
Fabian et al., 2011). 
In the past few years, most of the conserved interactions of the core complex as well 
as the interactions with several peripheral factors have been elucidated at the structural level 
(Basquin et al., 2012; Petit et al., 2012; Fabian et al., 2013; Boland et al., 2013; Bhaskar et 
al., 2013; Bhandari et al., 2014; Chen et al., 2014; Mathys et al., 2014), with the exception of 
Not4. Not4 is an evolutionarily conserved protein that contains an N-terminal RING domain, a 
central RRM domain and a C-terminal domain predicted to be unstructured. As shown for 
both the yeast and human orthologues, the Not4 RING domain harbors an E3 ubiquitin ligase 
activity (Albert et al., 2002; Mulder et al., 2007a). Consistently, Not4 has been reported to 
ubiquitylate a wide range of substrates (Laribee et al., 2007; Mulder et al., 2007b; Mersman et 
al., 2009; Cooper et al., 2012; Gulshan et al., 2012), including ribosome-associated factors ( 
Panasenko et al., 2006; Panasenko and Collart, 2012). Although the exact function is 
currently debated, the enzymatic activity of Not4 has been linked to proteasomal degradation 
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in particular in the context of mRNA quality control pathways that respond to halted 
translation (Dimitrova et al., 2009; Matsuda et al., 2014). The activity of the Not4 E3 ligase 
depends on its interaction with a specific E2, which has been identified as Ubc4/5 in yeast 
and the orthologue UbcH5B in humans (Albert et al., 2002; Mulder et al., 2007a). Structural 
studies have shown how the RING domain of human CNOT4 folds via an unusual C4C4 motif 
whereby eight cysteine residues coordinate two zinc ions (Hanzawa et al., 2001). A model of 
the human CNOT4-UbcH5B complex has been proposed based on chemical shift NMR 
restraints, computational docking approaches and mutational analysis (Dominguez et al., 
2004), but no crystal structure has been reported as yet. 
Binding of yeast Not4 to the Ccr4-Not complex does not require the N-terminal RING 
domain but rather the C-terminal domain (Panasenko and Collart, 2011). The C-terminal 
domain of Not4, however, is the least conserved portion of the molecule. In addition, although 
Not4 is a bona fide Ccr4-Not subunit in yeast, it is not stably associated with the complex in 
human and Drosophila cells (Lau et al., 2009; Temme et al., 2010). The molecular basis for 
the Not1-Not4 interaction in yeast and the reason for the weaker association in higher 
eukaryotes are currently unknown. Also unknown is whether Not4 can bind Not1 in the 
context of the Not module, as Not2, Not3 and Not5 also dock to the same domain of Not1. 
Here, we report a structural and biochemical study that sheds light on how the E3 ligase of 
Not4 binds specifically its cognate E2 and how it is recruited to the Ccr4-Not complex. 
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 RESULTS AND DISCUSSION 
 
Overall structure of S. cerevisiae Not4N bound to Ubc4 
The N-terminal RING domain of Not4 (Not4N, residue 30-83 in S. cerevisiae) has been shown 
to interact with Ubc4 (Figure 1A) (Albert et al., 2002; Mulder et al., 2007a). To obtain crystals 
of the complex, we used a strategy that had been reported for another E3-E2 complex 
(Hodson et al., 2014) and connected the two proteins covalently via a 10-residue linker. The 
structure of the Not4N-Ubc4 fusion protein was determined by a combination of zinc-based 
single-wavelength anomalous dispersion (SAD) and molecular replacement (MR), and was 
refined to 2.8 Å resolution with Rfree of 27.1%, Rfactor of 22.0% and good stereochemistry 
(Table 1). The final model of Not4N-Ubc4 has well-defined electron density for most of the 
polypeptide, except for the connecting linker (Figure 1B). 
The structure of yeast Not4N bound to Ubc4 is very similar to that of the human 
CNOT4 orthologue in isolation (Hanzawa et al., 2001). The RING domain of Not4 contains 
two α-helices (the short α1 and the long α2 helix) and two zinc ions (Figure 1B). The zinc ions 
are coordinated in cross bracing fashion by cysteine residues that protrude from helix α2 and 
from the three loops regions L1, L2 and L3. The structure of yeast Ubc4 bound to Not4N is 
very similar to a previously determined structure of Ubc4 in isolation (Cook et al., 1993). 
Briefly, Ubc4 is centered at a four-stranded antiparallel β-sheet flanked by a N-terminal α-
helix (α1) and by three C-terminal α-helices (α2, α3, α4) (Figure 1B). When compared to the 
previously proposed model of the human CNOT4-UbcH5B complex (Dominguez et al., 2004), 
the experimentally determined structure of yeast Not4N-Ubc4 shows localized differences 
(Figure S1A). 
 
Specific interaction network between the Not4N RING E3 and the Ubc4 E2  
In the crystal structure, the Not4 helix α2 and the zinc-binding loops L1, L2 and L3 interact 
with two loops of Ubc4 that precede and follow the fourth strand of the β-sheet (L4 and L5) 
(Figure 1B). The central hotspot of the interaction is formed by Phe63 of Ubc4, which wedges 
into a hydrophobic pocket formed by Leu35, Ile56, Cys60, Asn63, Leu70 and Pro75 of Not4 
and by Pro62 and Pro96 of Ubc4 (Figure 1C). Additionally, Ile37 of Not4 is involved in 
hydrophobic interactions with the aliphatic portion of the side chain of Lys5 and Lys9 in the 
helix α1 of Ubc4. This hydrophobic hotspot is surrounded by polar and electrostatic contacts: 
a hydrogen-bond interaction involving Not4 Arg78 and Ubc4 Gln93 and two salt-bridge 
interactions between Not4 Glu38 and Ubc4 Lys5 and between Not4 Glu69 and Ubc4 Lys64 
(Figure 1C). In addition, Ubc4 Lys64 is engaged in an intra-molecular salt bridge with Ubc4 
Asp60. The Glu69-Lys64-Asp60 network effectively pulls the L3 loop of Not4 towards Ubc4, 
closing the hydrophobic core. The interaction interface is formed by evolutionary conserved 
residues (Figure 1D and 1E) and is consistent with the effects of mutations previously 
reported (Mulder et al., 2007a). 
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To understand the specificity of yeast Not4 towards Ubc4/5 enzymes, we structurally 
aligned the known yeast E2 proteins on Ubc4 and analyzed if residues at the Not4-binding 
interface are conserved (Figure S1B). The Ubc2 and Ubc9 E2 proteins lack a hydrophobic 
residue at the corresponding position of Ubc4 Phe63. Ubc3, Ubc7, Ubc10, Ubc12 and Ubc13 
lack a positively-charged residue at the corresponding position of Ubc4 Lys64. Ubc1, Ubc6, 
Ubc8 and Ubc11 lack the equivalent of Ubc4 Gln93. These subtle differences appear to 
weaken the interaction network observed in the Not4N-Ubc4 structure, driving the specificity of 
Not4N towards Ubc4/5 (Albert et al., 2002; Mulder et al., 2007a). 
 
Overall structure of Not4C bound to Not1C 
The C-terminal domain of S. cerevisiae Not4 (specifically residues 430–480) has been shown 
to interact with the C-terminal domain of Not1 by yeast two-hybrid and co-
immunoprecipitation (co-IP) studies (Albert et al., 2002; Panasenko and Collart, 2011). To 
ensure the identification of the correct domain boundaries that would include all the 
determinants of the interaction, we used secondary structure predictions to engineer larger 
regions of the interacting proteins than those mapped from the co-IP experiment. We purified 
a complex encompassing Not1 residues 1348-2093 and Not4 residues 418-587 (Not4 Δ417). 
Limited proteolysis of this complex and subsequent gel filtration resulted in stable fragments 
that were characterized by N-terminal sequencing and mass spectrometry analysis as 
encompassing residues 418-477 of Not4 (Not4C) and residues 1541-2093 of Not1 (the C-
terminal domain of Not1, or Not1C) (Figure 2A and S2). Consistent with the proteolysis 
results, GST-tagged Not4C was able to precipitate Not1C in pull-down assays (Figure 2B, lane 
3). We purified the Not1C-Not4C minimal complex and obtained crystals diffracting to 3.6 Å 
resolution containing six copies of the complex in the asymmetric unit. We determined the 
structure by molecular replacement, using the previously determined structure of Not1C as 
search model (Bhaskar et al., 2013). The model was built and refined to Rfree of 31.9%, Rfactor 
of 26.6% and good stereochemistry (Table 1). The six independent copies of the complex in 
the crystals are essentially identical, and include residues 1568-2078 of Not1 (with the major 
exception of two loops between 1791-1800 and 2065-2071) and residues 420-469 of Not4 
(Figure 2C). 
The HEAT-repeat structure of Not1C in the Not4C-bound complex is similar to that in 
the Not2-Not5C-bound complex (Bhaskar et al., 2013). HEAT repeats consist of two 
antiparallel α-helices (termed A and B) and pack side by side in a regular fashion. The 10 
HEAT repeats of Not1C are organized in two units. The first unit is made of 6 HEAT repeats 
and is arranged in a perpendicular fashion with respect to the second unit, which is composed 
of the 4 C-terminal repeats (Figures 2C). The loop connecting HEATs 7 and 8 is in an 
extended conformation, likely due to crystal contacts. Not4C folds into an α-helix (residues 
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426-439) that is flanked by extended regions lacking defined secondary structure elements 
(residues 420-425 and 440-469) (Figures 2C). 
 
Extensive interaction network between yeast Not1C and Not4C 
Not4C binds on the surface of the first three HEAT repeats of Not1C, extending about 100 Å in 
length and burying a surface area of approximately 1500 Å2 (Figure 2C). The contacts 
between Not4C and Not1C can be described as divided into three segments. In the first 
segment, the α-helix of Not4C packs against the A helices of HEAT 2 and 3 of Not1C. This 
interface is mainly dominated by hydrophobic interactions between Leu430, Leu434 and 
Leu437 of Not4C and Leu1613, Val1671 and Val1675 of Not1C (Figure 3A and S3A). In the 
second segment, residues 442-452 of Not4 interact extensively with two loops of Not1C 
connecting HEAT 1 to 2 and HEAT 2 to 3. The interactions are mediated by a salt bridge and 
few hydrophobic contacts (Figure 3B). In the third segment, residues 462-469 of Not4 are in 
extended conformation and pack between the A and B helices of the first HEAT repeat of 
Not1C. This interface involves hydrophobic contacts between Leu463, Phe464 and Trp466 of 
Not4 and Val1575, Leu1582, Ile1592, Phe1596, Leu1600 and Val1605 of Not1 (Figure 3C 
and S3B). 
 To test the relevance of the interacting regions, we engineered deletion mutants of 
Not4C and carried out pull-down assays. As the second segment of the Not1C-Not4C interface 
appeared the weakest from an analysis using the PISA server (Krissinel and Henrick, 2007), 
we constructed versions of Not4C lacking either the first hydrophobic segment (Not4C-ΔN) or 
the C-terminal hydrophobic segment (Not4C-ΔC). GST-tagged Not4C-ΔN precipitated Not1C to 
a similar extent as GST-Not4C (Figure 3D, lanes 2 and 3). In contrast, GST-tagged Not4C-ΔC 
failed to interact with Not1C in the pull-down assay (Figure 3D Lane 4). Next, we introduced 
specific mutations in the C-terminal segment of Not4C and tested them for their ability to 
interact with Not1C in GST pull-down assays. Mutations of Not4C either at Leu463 and 
Phe464 (L463E F464E) or at Phe464 and Trp466 (F464E W466E) failed to precipitate Not1C 
(Figure 3E, lane 3 and 4). Altogether, these results suggest that the C-terminal segment of 
Not4C makes the most significant contribution to the Not1-Not4 interaction while the first and 
second segments of Not4C have a minor role. 
 
Not4 binding to Not1 is partially conserved in metazoa  
To date, S. cerevisiae is the only species where a stable association of Not4 within the Ccr4-
Not core complex has been detected. This raises the question as to whether the interactions 
observed in the Not1C-Not4C crystal structure are likely to occur in other species, particularly 
as in metazoa the incorporation of Not4 in the endogenous Ccr4-Not core complex has been 
barely detectable (Lau et al., 2009; Temme et al., 2010). In the case of Not1, many Not4-
binding residues are evolutionarily conserved in higher eukaryotes (Figure S3C). In Not4, the 
first hydrophobic segment of the Not1-binding region is conserved. Human CNOT4, for 
example, features Ile419, Leu423 and Gln426 at the equivalent positions of S. cerevisiae 
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Leu430, Leu434 and Leu437, respectively (Figure 3F). However, the third Not1-binding 
segment of Not4 is not present in human CNOT4. Since the third segment is essential for 
stable binding of Not4 to Not1 in yeast (Figure 3D and 3E), such differences rationalize the 
weaker in vivo association in higher eukaryotes (Lau et al., 2009; Temme et al., 2010). 
Not4 binding to Not1 is independent of the Not module 
Next, we compared the structure of the ubiquitylation module with that of the Not module. We 
superposed the structure of yeast Not1C-Not4C with those of yeast Not1C-Not2-Not5C 
(Bhaskar et al., 2013) and human CNOT1C-CNOT2-CNOT3C (Boland et al., 2013).  While 
Not4C binds the side surface of the first HEAT-repeat unit of Not1C, yeast Not2-Not5C and 
human CNOT2-CNOT3C bind the top and the bottom surfaces (Figure 4A). Although there is 
a small overlap between the N-terminal helix of Not4C and the N-terminal region of Not5 as 
observed in the yeast Not1C-Not2-Not5C complex, the structural analysis indicates that the 
interactions of Not4C and Not2-Not5C occur at largely separate surfaces of Not1C. Indeed, 
pull-down assays showed that GST-tagged Not4C could precipitate Not2-Not5C in the 
presence of Not1C (Figure 4B). Thus, the ubiquitylation module and the Not module can form 
simultaneously on the C-terminal domain of Not1. Finally, Not4C binds at a completely 
different surface as compared to the protein Nanos, which in metazoa is recognized by the C-
terminal HEAT-repeat unit of CNOT1C. Thus, the interactions of metazoan CNOT1 with 
CNOT2-CNOT3, CNOT4 and Nanos can in principle also occur simultaneously (Figure 4C). 
Whether and how bringing these proteins into close proximity by their concomitant interaction 
on the Not1C platform impacts the regulation or coordination of their functions are open 
questions for future studies. 
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EXPERIMENTAL PROCEDURES 
Protein purification 
All proteins were cloned, expressed and purified as previously described in (Bhaskar et al., 
2013) (see Supplemental Experimental Procedures). 
 
Crystallization and structure determination 
All crystals were obtained by vapor diffusion at room temperature. All data were collected at 
the PXII and PXIII beamlines of the Swiss Light Source (SLS), processed using XDS 
(Kabsch, 2010), and scaled and merged using Aimless (Evans and Murshudov, 2013). The 
structures were obtained after iterative rounds of model building using the program Coot 
(Emsley et al., 2010) and/or BUCCANEER (Cowtan, 2006) and refined using 
PHENIX.REFINE (Adams et al., 2010). The Not4N-Ubc4 complex was crystallized at 48 mg 
ml-1 (see Supplemental Experimental Procedures). Synchrotron data collected at the zinc 
edge (1.28 Å wavelength) were used to solve the structure by MR-SAD in Phaser using the 
Ubc4 structure as a search model for molecular replacement and anomalous signal from the 
zinc atom (Cook et al., 1993; McCoy et al., 2007). The final model was refined against a 2.8 Å 
resolution native data set (collected at 1 Å wavelength). 
Not1C-Not4C was crystallized at 12 mg ml-1 (see Supplemental Experimental 
Procedures). The crystals belong to space group P 32 2 1 with 6 copies in asymmetric unit 
related by translational non-crystallographic symmetry. The structure was determined by 
molecular replacement using Not1C from the Not1C-Not2-Not5C structure as search model. 
The model was refined for individual sites and individual B-factors along with torsion angle 
NCS restraints (in the initial rounds of refinement) that allow local conformational changes 
between the NCS-related copies. 
 
Pull-down assays 
Pull-down assays of GST-tagged Not4 constructs with untagged Not1C and/or Not2-Not5C 
complex were performed as described in (Bhaskar et al., 2013) (see Supplemental 
Experimental Procedures).  
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TABLE, FIGURES AND LEGENDS 
Table 1.  Data collection and refinement statistics. 
 
! Not4N%Ubc4) Not1C%Not4C)
Zinc)SAD) Native)
Wavelength!(Å)! 1.2819! 1! 1!
Resolution!range!(Å)!*! 37.33!!-!2.48! 53.56!!-!2.80!(2.90!!
-!2.80)!
75.66!!-!3.62!(3.75!!-!
3.62)!
Space!group! P1! R!3!:H! P!32!2!1!
Unit!cell! 62.45,!62.96,!65.43! 107.11,!107.11,!
62.20!
173.66,!173.66,!
262.61!
α,!β,!γ!(°)! 108.50,!
107.40,108.09!!
90,!90,!120! 90,!90,!120!
Total!reflections*! 95124!(13582)! 67241!(6289)! 352483!(34067)!
Unique!reflections*! 52704!(7634)! 6541!(628)! 52676!(5095)!
Multiplicity*! 1.84!(1.77)! 10.30!(10.00)! 6.70!(6.70)!
Completeness!(%)*! 92.5!(83.2)! 99.4!(95.2)! 99.7!(98.6)!
Mean!I/sigma(I)!*! 14.66!(4.78)! 29.35!(2.10)! 11.26!(1.37)!
Sig!Ano*! 1.31!(0.95)! ! !
CC1/2*! 0.997!(0.949)! 1!(0.911)! 1!(0.733)!
Rmerge!(%)*! ! 5.6!(97.1)! 11.2!(149.8)!
Rwork!(%)*! ! 22.0!(45.1)! 26.6!(38.7)!
Rfree!(%)*! ! 27.1!(50.8)! 31.9!(42.7)!
Number!of!nonNhydrogen!
atoms!
! 1575! 24555!
!!macromolecules! ! 1573! 24555!
!!ligands! ! 2! 0!
Protein!residues! ! 204! 3223!
RMS!(bonds)! ! 0.002! 0.010!
RMS!(angles)! ! 0.52! 0.64!
Ramachandran!favored!(%)! ! 97! 94!
Ramachandran!outliers!(%)! ! 0! 0.064!
Average!BNfactor! ! 103.00! 124.80!
!!macromolecules! ! 103.10! 124.80!
!!ligands! ! 94.60! !
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 Figure 1. Structure of the complex between the Not4 RING E3 and the Ubc4 E2 (See 
also Figure S1) 
(A) A schematic diagram of the domain architecture of S. cerevisiae Not4 and Ubc4. The 
color filled rectangles indicate the regions present in the crystal structure. The grey rectangle 
represents another folded domain while the empty boxes represent low-complexity regions. 
(B) Cartoon representation of the structure of yeast Not4N (in blue) bound to Ubc4 (in purple). 
The N- and C-terminal residues of the two proteins ordered in the electron density are 
indicated. The secondary structure elements are labeled. The two zinc ions are shown as 
spheres, and the cysteine residues that coordinate them are shown in stick representation. 
This structure figure and all others in the paper were generated using PyMol (The PyMOL 
Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC). 
(C) Close-up view of the interaction interface between Not4N and Ubc4. Interacting residues 
are shown and labeled. 
(D-E) Structure-based sequence alignment of Not4N and Ubc4 from different species, 
including S. cerevisiae (Sc), M. musculus (Mm) and H. sapiens (Hs), highlighting the 
interacting residues. The secondary structure elements are shown above the sequence. 
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Figure 2. Structure of the complex between Not4C and Not1C (See also Figure S2) 
(A) A schematic diagram of the domain architecture of S. cerevisiae Not1 C-terminal region 
and Not4. The color filled rectangles indicate the regions present in the structure. The grey 
rectangles represent other folded domains while the empty boxes represent low-complexity 
regions. 
(B) Protein co-precipitation by GST pull-down experiments. GST-Not4C, GST-Not5C-Not2 
(positive control) or GST alone (negative control) were incubated with untagged Not1C in a 
buffer containing 150 mM NaCl before co-precipitation with GSH-Sepharose beads, as 
indicated. Input (upper panel) and precipitates (lower panel) were analyzed on Coomassie 
stained 4-12 % Bis-tris gradient gel (NuPage®, Invitrogen). The proteins are labeled on the 
right. 
(C) Structure of the Not1C-Not4C complex shown in cartoon representation in two orientations. 
Not1C is colored in yellow and Not4C in blue. The N- and C-terminal residues of both proteins 
are marked. Disordered loops are indicated as dotted lines. 
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Figure 3. Not4C wraps around the N-terminal HEAT repeats of Not1C (See also Figure S3) 
(A-C). Close-up view of different segments of Not4C that form the Not1C interacting region. 
The position of each individual segment in the context of the complex is shown in top left. The 
residues involved in interactions are shown as sticks and labeled. 
(D, E) Pull-down experiments with GST-tagged versions of Not4 and untagged Not1, carried 
out as described in Figure 2B. 
(F) Structure-based sequence alignment of Not4C from different species, as mentioned in 
Figure 1D. The secondary structure elements are shown above the sequence. 
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Figure 4. Not4C binds Not1C independently of Not2 and Not5. 
(A) Superposition of the yeast Not1C-Not4C and Not1C-Not2-Not5C structures. Not1C is in 
yellow, Not2 in magenta, Not5C in green and Not4C in blue. 
(B) Pull-down experiments with GST-tagged Not4C with untagged Not1C and/or Not2-Not5C, 
carried out as described in Figure 2B. 
(C) Schematic diagram of the C-terminal domain of Not1 with the positions of the interacting 
proteins Not4, Not2-Not5 (or CNOT2-CNOT3 in humans) and Nanos. 
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SUPPLEMENTAL FIGURES AND LEGENDS 
 
 
 
Figure S1  
Detailed analysis of the Not4N-Ubc4 crystal structure (Related to Figure 1) 
(A) Not4N-Ubc4 crystal structure and CNOT4-UbcH5B model are shown in similar orientation 
in the top panels. Superposition of the same is shown in the bottom panel. The difference in 
the orientation of helix α1 of E2 and the loop regions of E3 at the interface are highlighted by 
arrows.  
(B) Structure-based sequence alignment of all the E2 enzymes in S. cerevisiae. Not4 
interacting residues of Ubc4 are indicated with blue dots. Residues providing specificity for 
this E2-E3 interaction are highlighted. The secondary structure elements are shown above 
the sequence. 
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Figure S2 
Identification of the Not1C-Not4C minimal complex (Related to Figure 2) 
Not1 (1348-2093)-Not4 Δ417 complex is shown in lane1. Limited proteolysis of Not1 (1348-
2093)-Not4 Δ417 was carried out by incubating the complex at 0.6 mg ml-1 with elastase 
(Roche) for 60 minutes on ice at an enzyme to protein ratio of 1:10 and is shown in lane2. 
The mixture was then subjected to size-exclusion chromatography in a buffer containing 20 
mM Tris-Cl pH 7.5, 250 mM NaCl and 2 mM DTT. The peaks were analyzed on 4-12% Bis-
Tris NuPage gel with MES-SDS as the running buffer. The interacting fragments were 
identified by N-terminal sequencing and Liquid chromatography-Mass spectrometry (LC-MS) 
analysis. Not1c-Not4c complex that was used for structural studies is shown in lane4. 
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Figure S3 
Detailed analysis of the Not1C-Not4C crystal structure (Related to Figure 3) 
(A-B) 2FO-FC electron density of Not4C at the hydrophobic interaction segments contoured at 
0.9σ (corresponding to Figure 3A and 3C).  
(C) Structure-based sequence alignment of Not1C from different species, including 
S. cerevisiae (Sc), M. musculus (Mm) and H. sapiens (Hs), highlighting the interacting 
residues with blue dots. The secondary structure elements are shown above the sequence.  
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SUPPLEMENTAL EXPERIMENTAL PROCEDURE 
Protein purification 
All proteins were cloned and expressed in E. coli BL21 pLysS cells (Stratagene) in TB 
medium with 0.5 mM IPTG induction overnight at 18 ˚C. Not1 constructs were expressed as 
previously described in (Bhaskar et al., 2013). Not4N and full-length Ubc4 were expressed as 
a fusion protein (connected by the linker TGSTGSTETG) with a N-terminal His-SUMO tag 
cleavable by Senp2 protease. The Not4C, Not4C–ΔN and Not4C–ΔC (Not4 residues 418-477, 
442-477 and 418-462, respectively) constructs were expressed as N-terminal His-GST fusion 
proteins followed by a 3C cleavage site. The proteins were purified using similar protocols as 
previously described (Bhaskar et al., 2013). Briefly, a first step of Nickel-based affinity 
chromatography was followed by tag cleavage and size-exclusion chromatography. For pull-
down experiments, the GST-tagged proteins were purified with the same protocol but omitting 
the tag cleavage step. 
 
Crystallization 
The Not4N-Ubc4 complex was crystallized at 48 mg ml-1 by vapour diffusion using 10% (w/v) 
PEG 8000, 0.02 M L-Na-Glutamate, 0.02 M Alanine (racemic), 0.02 M Glycine, 0.02 M Lysine 
HCl (racemic), 0.02 M Serine (racemic), 0.1 M Bicine/Tris-Cl pH 8.5 and 20% (w/v) ethylene 
glycol as crystallization buffer at room temperature. 
Not1C-Not4C complex was crystallized at 12 mg ml-1 by vapour diffusion using 10% (w/v) PEG 
4000, 0.02 M 1,6-Hexanediol, 0.02 M 1-Butanol, 0.02 M 1,2-Propanediol (racemic), 0.02 M 2-
Propanol, 0.02 M 1,4-Butanediol, 0.02 M 1,3-Propanediol, 0.1 M MOPS/Hepes-Na 7.5 and 
20% Glycerol as crystallization buffer at room temperature. 
 
Pull-down assays 
100 pmol of GST-tagged protein was incubated with 200 pmol of the untagged prey protein 
for 1hr at 4 °C in the binding buffer (BB150 – 20 mM Tris-Cl pH 7.5, 150 mM NaCl, 2 mM 
DTT, 12.5% (v/v) glycerol and 0.1% (w/v) NP40). 400 µL of BB150 buffer and 20 µL of 50% 
GSH-Sepharose resin were added to the protein mix and incubated for 1 hr with gentle 
rocking at 4 °C. The resin was washed 3 times with BB150 and the proteins were eluted with 
15 µL of BB150 containing 20 mM Glutathione. Input and precipitate were mixed with 3X SDS 
loading dye and resolved on 4-12% Bistris NuPage gel (Invitrogen) using MES-SDS as 
running buffer, and visualized by Coomassie blue staining. 
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4.0 Discussion 
 
4.1 Structure of the Not Module of the yeast and human Ccr4-Not 
complex 
The core of the Not Module of the yeast Ccr4-Not complex is 
composed of the C-terminal domain of Not1 (Not1C), Not2 and the C-terminal 
domain of Not5 (Not5C) (Bai et al. 1999). Architecture of the yeast Not1C-Not2-
Not5C complex and the intricate network of interaction formed between these 
proteins has been discussed in detail in the section 3.1 (Figure 4.1A) 
(Bhaskar et al. 2013). In humans, the core of the Not module is formed by C-
terminal domains of CNOT1 (CNOT1C), CNOT2 (CNOT2C) and CNOT3 
(CNOT3C) subunits (Albert et al. 2000; Lau et al. 2009). Recently, also the 
crystal structure of the human Not module was determined (Boland et al. 
2013). The structure of the CNOT1C -CNOT2C -CNOT3C complex reveals that 
the architecture of Not module in humans is very similar to the yeast Not 
module (Figure 4.1B). Like in yeast, the human Not module is built around 
CNOT1C, which also adopts an extended HEAT repeat architecture and 
superposes with an average r.m.s.d. of 2.7 Å onto the yeast Not1C. The C-
terminal Not-box domain of CNOT2C and CNOT3C adopt a similar fold as the 
Not-box domain of Not2 and Not5, and superpose with an average r.m.s.d. of 
1 Å and 0.5 Å, respectively. Superposition of the CNOT2-CNOT3 Not-box 
heterodimer onto Not2-Not5 Not-box heterodimer reveals a similar mode of 
dimerization involving their N-terminal helices (mean r.m.s.d. 1.3 Å) (Figure 
4.2). The Not-box dimer interface is dominated by hydrophobic interactions in 
both the yeast and human Not module. The N-terminal extended regions of 
CNOT2 and CNOT3 interact with each other and contact CNOT1C at multiple 
interaction sites. Although the sequence conservation at these interfaces is 
low, nevertheless, the nature of interaction dominating each Not1 binding 
interface seems to be conserved in both species. 
 
 
!
!
74!
 
 
Figure 4. 1: Architecture of the Not module of the Ccr4-Not complex. (A) 
Crystal structure of the yeast Not Module formed by Not1C (yellow), Not2 
(magenta) and Not5C (green) proteins. N and C-terminal residues are 
indicated. (B) Crystal structure of the human Not Module formed by CNOT1C 
(yellow), CNOT2C (magenta) and CNOT3C (green) proteins is shown in similar 
orientation as (A). N and C-terminal residues are indicated. 
 
Although the structure of the yeast and human Not module are very 
similar, two prominent differences could be observed (Figure 4.2). First, the C-
terminal extension of CNOT2 in the human Not module folds back and packs 
against the CNOT1C and CNOT1-binding domains of CNOT2 and CNOT3. 
This packing seems to shield a hydrophobic patch in the molecule that is 
otherwise exposed to the solvent. In the yeast Not2, this C-terminal extension 
is absent (Figure 4.2, panels A and B). Second, the orientation of the Not-box 
heterodimer in the human Not module seems to be rotated by approximately 
30 o  (around the axis parallel to the Not-box dimer interface) with respect to 
the yeast Not2-Not5 Not-boxes (Figure 4.2, panels C and D). This could be a 
consequence of tighter clamping of the Not-boxes by the C-terminal extension 
of CNOT2.  Nevertheless, the structure of Not module seems to be conserved 
in yeast and humans suggesting a conservation of function too.  
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Figure 4. 2: Structure and orientation of the Not-box heterodimer in the Not 
module of the yeast and human Ccr4-Not complex. (A) Not-box heterodimer 
formed by Not2 (magenta) and Not5 (green) proteins is shown. N and C-
terminal residues are indicated. (B) Not-box heterodimer formed by CNOT2C 
(magenta) and CNOT3C (green) proteins is shown in similar orientation as in 
(A). N and C-terminal residues are indicated. The C-terminal extension of the 
human CNOT2 is highlighted by an arrow. This feature is absent in the yeast 
Not2. (C-D) Orientation of the Not-box heterodimer in the yeast and human 
Not module with respect to the Not1/CNOT1 (yellow) is shown. Not-box 
domains are rotated by about 30 o (axis perpendicular to plane of the paper) in 
the human Not module compared to the yeast Not module.  
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4.2 The Not module as a platform for macromolecular interactions 
Based on the information derived from the structure of the yeast Not 
module, we hypothesized and showed that the Not module acts as a platform 
for binding poly(U) RNA in vitro (Bhaskar et al. 2013). Incidentally, analysis of 
the electrostatic surface potential of the human Not module also shows the 
presence of positively charged patch at similar location. This suggests a 
conservation of the RNA binding property of the Not module across various 
species. Functional relevance of this result is supported by two distinct 
studies. First, in yeast few mRNAs like edc1 mRNA harbor a poly(U) region in 
their 3’ UTR.  Presence of this poly(U) tract in the mRNA ensures their 
efficient degradation via the deadenylation-independent decapping pathway 
(Muhlrad and Parker 2005). The Not module was shown to be indispensable 
for the deadenylation-independent decapping pathway (Muhlrad and Parker 
2005). Second, in mouse, decay of mRNAs harboring U-rich region in their 3’ 
UTRs is regulated by the CNOT3 protein (Morita et al. 2011).  
Apart from the nucleic acid binding, the Not module is implicated in 
protein-protein interactions. The C-terminal domain of Not1 tethers the Not4 
protein to the Not module in yeast (Bai et al. 1999). Using structural and 
biochemical approach, I could show that the C-terminal low-complexity region 
of Not4 (Not4C) binds Not1C at locations that are distinct from the Not2-Not5C 
binding site on Not1C. Thus, the Not2-Not5C complex and Not4C could be 
recruited to the C-terminal domain of Not1 concomitantly (Figure 4.3). Not4 
does not stably associate with the Ccr4-Not complex in higher eukaryotes 
(Albert et al. 2000; Temme et al. 2004; Lau et al. 2009). Hence the 
association of the yeast Not4 with Not1C could be considered as an interaction 
of a species-specific factor with the Not module.  
In yeast, Not2 is shown to interact directly with Ada2, a subunit of the 
SAGA complex (Russell et al. 2002). In Drosophila, Not3 (homologue of yeast 
Not5) interacts with the BicC protein (Chicoine et al. 2007). BicC binds to 5’ 
UTR of specific mRNAs including its own mRNA. Binding of the BicC protein 
promotes the deadenylation-dependent degradation of its substrate mRNAs 
by recruiting the Ccr4-Not complex via a specific interaction with the Not3 
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protein. Similarly, the metazoan specific Nanos protein interacts with the C-
terminal domain of Not1 thereby recruiting the Ccr4-Not complex for the 
degradation of target mRNAs (Suzuki et al. 2010; 2012). 
 
 
 
Figure 4. 3: Interaction map of the yeast Not proteins. Domain architecture of 
yeast Not proteins are shown. Domain boundaries are indicated above each 
construct. Solid colored rectangles denote folded domains for which structural 
information is available. Rectangles shaded with oblique lines specify low-
complexity regions involved in protein-protein interaction within the C-terminal 
module for which the structural basis of interaction is well established. Solid 
grey rectangles and white rectangles represent other folded domains and 
predicted extended regions without any available structure.  
 
Recently, crystal structure of the C-terminal domain of the human 
CNOT1 was determined in complex with the N-terminal CIM of the Nanos2 
protein.  This structure gave insights in to the mode of interaction of Nanos2 
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with CNOT1 (Bhandari et al. 2014). Here, the last HEAT repeat and the 
capping helix of CNOT1C interact with a short helix of the Nanos2 protein. The 
Nanos2-CNOT1C interaction is facilitated by a conformational change in the 
C-terminal capping helix of the CNOT1C. This helix rotates by almost 40o 
compared to its orientation as seen in the structure of Not module.  
 
 
 
Figure 4. 4: Scheme of the C-terminal module of the eukaryotic Ccr4-Not 
complex as a platform for macromolecular interactions. Not1/CNOT1 C-
terminal domain is shown as yellow colored rectangles. The Not-box domain 
of Not2 and Not5, the RING domain of Not4 and the folded domain of Ubc4/5 
are shown as color filled circles. Not1C binding regions of Not2, Not5, Not4 
and Nanos are represented as by combination of lines and cylinders 
corresponding to low-complexity regions and helices respectively, at their 
individual interaction site. Interaction of Ada2 and BicC with Not2 and Not5 
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respectively are represented by colored arrows. Interaction of the Not module 
with the poly(U) RNA is indicated by a black arrow. 
 
All these observations point towards the emerging theme that the Not 
module might be a platform for protein-protein interactions. Thus, the 
interaction of the Not module with different binding partners could be 
employed in the regulated targeting of the deadenylase enzyme to specific 
mRNAs in all the eukaryotes. Additionally in yeast, the Not4 E3 ligase enzyme 
could also be targeted to specific substrate proteins via the Not module 
(Figure 4.4). 
 
4.3 Are the Not module and the ubiquitylation module functionally 
distinct?  
Yeast strain carrying deletions of both Not4 and Not5 genes are not 
viable (Albert et al. 2002). Similarly, the deletion of the C-terminal 400 residue 
of Not1 is shown to be lethal in yeast (Maillet et al. 2000; Basquin et al. 2012). 
In hindsight, the deletion of C-terminal 400 residue of Not1 would disrupt the 
HEAT repeat architecture of Not1, eventually interfering not only with the 
Not2-Not5C binding site, but also with the Not4C binding site. Thus deletion 
made in Not1C will interfere with assembly of both the Not module and the 
ubiquitylation module essentially mimicking a Not4/Not5 double deletion 
scenario.  
Most of the functions of Not4 are mediated via the N-terminal RING 
domain and its association with the complex is dispensable for most of its 
function (Albert et al. 2002; Mulder et al. 2007b; Panasenko and Collart 
2011b). On the contrary, the essentiality of Not5 has been attributed to its 
association with the Ccr4-Not complex (Bai et al. 1999). Hence a synthetic 
lethality between Not4 and Not5 could suggest that the Not module and the 
ubiquitylation module of the yeast Ccr4-Not complex are involved in two 
distinct function. This leads to an interpretation that although the Not module 
and the ubiquitylation module are proximal structurally, they could be serving 
distinct function. 
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4.4 Concerted action of different modules of the Ccr4-Not complex 
 Different modules of the Ccr4-Not complex have been characterized 
structurally and biochemically in various eukaryotes, including humans (Collart 
et al. 2013; Wahle and Winkler 2013; Xu et al. 2014; Chen et al. 2014; Mathys 
et al. 2014). This has led to emergence of two fundamental notions on the 
mode of functioning of the Ccr4-Not complex. First, the component proteins of 
the Ccr4-Not complex assist the stabilization of the entire assembly, thereby 
making the complex functional. This notion is supported by the following 
observations. From the structure of the Not module, it has become evident 
that both Not2 and Not3/5 are essential for the assembly of the Not module 
(Bhaskar et al. 2013; Boland et al. 2013). Similarly, the essentiality of Caf1 in 
the assembly of deadenylase module has also been elucidated (Bai et al. 
1999; Basquin et al. 2012). Depletion or complete deletion of a protein at the 
core of the Ccr4-Not complex also leads to reduced protein levels of its 
binding partner in the Ccr4-Not complex. For example, deletion of Not2 leads 
to destabilization of Not5 (Bai et al. 1999; Bhaskar et al. 2013; Boland et al. 
2013). In addition to stabilization of separate modules, individual modules also 
contribute towards the stability of the entire complex. This can be seen in the 
case of human Ccr4-Not complex, wherein loss of the Not module also affects 
the functioning of the deadenylase module in vivo (Ito et al. 2011; Boland et 
al. 2013). This reduction in the deadenylation activity is attributed to lack of 
stability of the complex. Similarly, in Trypanosomes, the N-terminal module 
consisting of CNOT10 and CNOT11 is necessary for the stability of the 
deadenylase module of the complex (Färber et al. 2013). These results 
suggest a significant role of each module in stabilization of the Ccr4-Not 
complex for optimal functionality in the cell. 
Second, different modules of the complex interact with a variety of 
binding partners thereby targeting the deadenylase enzyme to distinct mRNA 
substrates (Figure 4. 5). Key players of various pathways operating in the cell 
like GW182, TTP, BTG, Nanos, etc. interact with different modules of the 
Ccr4-Not complex leading to the recruitment of the entire complex onto the 
substrate mRNA (Wahle and Winkler 2013; Inada and Makino 2014). This 
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recruitment is needed for translational repression and degradation of the 
substrate mRNA. Consequentially, this mechanism leads to targeting of the 
Ccr4-Not complex to a huge variety of mRNA substrates that range, from 
mRNAs of constitutive genes to mRNAs of transiently expressed proteins like 
the cytokines involved in the immune responses or the morphogens involved 
in embryonic development. This gives a broad role for the Ccr4-Not complex 
in regulation of post-transcriptional gene expression. 
 
 
 
 
Figure 4. 5: Schematic representation of the eukaryotic Ccr4-Not complex. 
Not1 is shown as rectangles with distinct domains colored differently. Domain 
boundaries are indicated on top or left side of the rectangles. Component 
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proteins of the complex other than Not1 are shown as ellipses in different 
shades. Modules for which the structural information is available are docked 
on to their respective positions in context of the complex. Macromolecules 
that interact with different modules are listed and their respective binding 
position on the Ccr4-Not complex is indicated by arrows.  
 
4.5 Role of IDRs and SLiMs in the deadenylation pathway 
 Inspection of crystal structures of different modules of the Ccr4-
Not complex reveals two distinct modes of assembly. The deadenylase 
module and the Caf40 module assemble via the interaction of folded domains 
with each other. The metazoan specific N-terminal module is also predicted to 
form by the interaction of folded domains. On the other hand, structures of the 
Not module and the ubiquitylation module indicate that the assembly of the C-
terminal module takes place via the interaction of long intrinsically disordered 
regions (IDRs) to the folded scaffold protein. These distinct modes of 
assembly seen in different modules of the Ccr4-Not complex might indicate 
their differential regulation. For example, the Caf40 protein has an extended 
ARM repeat architecture and is stable in isolation. Thus, there is a possibility 
that the Caf40 might also function outside the complex. This is evident from 
the fact that the molar ratio of Caf40 to the scaffold Not1 reaches a value upto 
three in the cell. Thus, the assembly of Caf40 module might somehow be 
regulated at the level of recruitment of Caf40 to the complex. On the contrary, 
both Not2 and Not5 have long IDRs in their sequence thus making them 
prone to degradation in isolation. This suggests that the biological function of 
the C-terminal module is carried out only when the module is fully assembled 
thereby enabling a tight regulation. This is also reflected in the average 
number of molecules of the Not proteins present in the cell.  Hence, the 
regulation of the assembly of the C-terminal module of the Ccr4-Not complex 
could be coupled to the rate of protein synthesis of its component proteins in 
vivo.  
SLiMs are generally involved in specific low-affinity transient 
interactions. A classical example of this kind of interaction is the binding of 
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TTP with the MIF4G domain of CNOT1. In this case, a ten residue long 
fragment of TTP docks on the MIF4G domain of CNOT1. The Kd value of this 
interaction is around 2 μM suggesting a rather weak but specific interaction. 
The presence of IDRs could be conceptualized as multiple SLiMs interacting 
in tandem thereby increasing the binding affinity. This is explicit in the case of 
the C-terminal module of the Ccr4-Not complex. The Kd values of the 
interaction of Not4C or Not2-Not5C with Not1C are in the low nanomolar range. 
Incidentally a similar mode of assembly is also observed in the Pan2-Pan3 
deadenylase complex wherein a long IDR in Pan2 tethers it to Pan3 dimer.  
In conclusion, the distinct modes of assembly seen in the core of the 
Ccr4-Not complex and the fashion in which it interacts with binding partners 
might be key to efficient functioning of the Ccr4-Not complex. 
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5.0 OUTLOOK 
 Much of efforts in last couple of years have been focused on 
understanding the subunit composition, architecture and biochemical 
functions of the evolutionarily conserved modules of the Ccr4-Not complex in 
isolation. However, there is little knowledge of how these different modules of 
the Ccr4-Not complex interact with each other and how they contribute to the 
functioning of the complex in vivo. Recent advancement in the field of cryo-
electron microscopy has led to the possibility of obtaining structures of large 
protein complexes at atomic resolutions. With the current knowledge of the 
modular architecture of the Ccr4-Not complex along with recent development 
in the field of cryo-electron microscopy, structural characterization of the entire 
Ccr4-Not complex seems feasible. This would allow to characterize the 
interactions of different modules of the Ccr4-Not complex with each other. 
Another fascinating question that remains to be answered is the 
interplay of the Ccr4-Not complex with other factors involved in mRNA decay 
and/or translational silencing pathways. The Ccr4-Not complex interacts either 
directly or indirectly with other deadenylase enzymes and decapping factors. 
Components of the Ccr4-Not complex also interact with factors operating in 
the mRNA quality control pathways. Crystal structures of some of these 
complexes have provided snapshots of some of the steps in these pathways. 
Still a lot of questions regarding the formation of complexes via transient 
interaction and their regulation remain to be answered in order to completely 
unravel the role of the Ccr4-Not complex in these pathways. 
Apart from conserved core subunits, the Ccr4-Not complex also 
contains few species-specific subunits, the role of which mostly remains 
elusive. For example, interaction of the human Ccr4-Not complex with the 
tankyrase 1-binding protein1 (TNKS1BP1) was found in affinity capture-Mass 
spec experiments. Structural and biochemical study of these subunits would 
shed light on how the Ccr4-Not complex has evolved to fit specific 
requirements of the organism. 
A study in mouse has indicated the role of CNOT3 in obesity and heart 
functioning but the molecular mechanism underlying these functions remains 
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mostly unknown. Hence the physiological role of the Ccr4-Not complex in 
diseases must be addressed. !
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